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ABSTRACT 
The Lower Permian Ecca Group formations of the Karoo Basin of South Africa have recently 
been identified as a target for shale gas exploration. These units, named the Prince Albert, 
Whitehill and Collingham formations, comprise organic-rich shales with occasional associated 
carbonate deposits, and siliciclastic facies. Mineralogical and geochemical investigations were 
conducted into carbonaceous shales and associated sedimentary rocks in the Jansenville area of 
the southern Karoo Basin with the ultimate aim to decipher the paleoenvironment and post-
depositional conditions of these shales and their associated features such as prominent intra-
formational carbonate deposits.  
Sediments of the main Karoo Basin were deposited from ~350 Ma to ~182 Ma, the end of 
sedimentation being marked by eruption of basaltic lava. This period, which began with the 
Dwyka continental glaciation, included tectonism of the Cape Fold Belt, the end-Permian mass 
extinction at ~250 Ma, and major intrusion of dolerite associated with the lavas of the Karoo 
Large Igneous Province. Subsequent to this, the basin experienced faulting associated with 
Gondwana breakup, uplift and intrusion of small volume kimberlite and melilite magmas, and 
erosion resulting in formation of a major escarpment. Each episode was imprinted upon the Karoo 
rocks and to a greater or lesser extent erases the signature of older episodes. To decipher the 
depositional paleoenvironment and post-depositional conditions of the black shales and the 
dolomite concretions posed a challenge due to deformation, orogeny, metamorphism, and 
weathering and erosion. Therefore, deep borehole core-logging and sampling was generally 
preferred over surface fieldwork, and trace elements backed up by scanning electron microscopy-
based petrography was the method most relied upon to decipher the redox conditions of the black 
shales and the intra-formational carbonates. 
Relevant sections from three SOEKOR boreholes SP1/69, AB1/65 and QU1/65 were logged 
and carbonate concretions localities studied in four field locations. Samples collected from the 
core and field localities were prepared for thin section optical, SEM petrographical analysis, 
mineral identification, modal estimation by XRD, major, and trace element analysis by XRF and 
Laser Ablation-ICPMS, and acid leaching of a sample subset to determine the degree of 
pyritization (DOP).  
 Logging of the SOEKOR boreholes indicates that in the western part of the basin all three 
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lower Ecca formations, namely the Prince Albert, Whitehill and Collingham, overlie the tillites of 
the Dwyka Group, whereas near East London only the Whitehill Formation is present. Dwyka 
diamictites occur in all the studied boreholes overlying the crystalline basement in AB 1/65 and 
QU 1/65 boreholes whereas in the SP 1/69 the tillites rest above the quartzite of Witteberg Group 
of the Cape Supergroup.  
 The shale consists of discontinuous, wavy and straight parallel laminae. Parallel, 
discontinuous and elongate micro-lenses of very fine-grained quartz are diagnostic and suggest 
late-stage silicification. Thin laminae of black shale are interlaminated with grey clay. The black 
shales are composed of quartz and clay minerals (illite and chlorite) as the major crystalline 
minerals with minor quantities of sulphides and heavy minerals. Organic matter occurs as 
unstructured, anhedral patches of amorphous material. It contains abundant small (~10nm) and 
less common larger (~100 nm) pores of subsphaeroidal shape. Carbonates occur as cementation 
and concretions. Heavy minerals identified by SEM include detrital zircon, thorite, titanite, 
authigenic fluorite, galena, sphene, and sphalerite and apatite, monazite and epidote-group 
minerals that appear to be of later stage metamorphic origin, some a product of hydrothermal 
feldspar alteration. Zircon and monazite show evidence of partial corrosion and/or new 
overgrowth. Titanite occurs in greater abundance in the SP1/69 section than other boreholes, 
where it exhibits a porphyroblastic texture suggesting secondary growth. These features all 
suggest modification of detrital minerals by metamorphic fluids and therefore some possible 
modification of bulk geochemical composition. Pyrite is abundant, commonly occurring as 
framboidal and occasional euhedral grains. Pyrite-bearing, calcite veins are common in the 
Whitehill Formation. Some pyrite is metamorphosed to pyrrhotite in the shales adjacent to 
dolerite intrusions.  
 The carbonate deposits in the lower Ecca occur mostly as large concretions of 0.5-2.5 m in 
diameter at intensely faulted areas, and as laterally continuous beds at less intensely faulted areas. 
They consist of dominant dolomite with calcite (differentiated by thin section staining) and minor 
associated quartz veins, and appear to have formed in an early diagenetic stage of the black shale. 
Five different dolomite-rock textures were identified indicating varying crystal growth conditions. 
Calcite cementation types accompany these dolomite textures. The major types include mosaic, 
sparry and bladed/prismatic calcite cement. Calcite occurs mainly as cement in pores and grain 
replacement, as well as crudely radial septerian veins. XRD indicates that the carbonate 
concretions are made up of more than 90% dolomite, especially within the intensely folded areas. 
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The remaining 10% consist of post-depositional quartz veins and secondary calcite associated 
with the quartz veins. In one locality (VAAL) the carbonate samples are dominates by 
bladed/prismatic calcite. 
 The black shales in this study have similar geochemical signature to previously analysed 
samples from the Karoo Basin and to black shales worldwide. The geochemical signature results 
from the combined input of detrital sedimentary materials as well as enrichment or depletions 
acquired from pore water, biological activity and during diagenesis. Positive correlation of K2O, 
Na2O with Al2O3 suggests control by the detrital contribution. CaO and P2O5, have a negative 
correlation with Al2O3 suggesting a biogenic source. Elemental ratios suggest that the sediments 
derive from felsic source rock, most likely Cape Supergroup and underlying crystalline basement. 
 These shales exhibit different degrees of trace-element enrichment relative to global 
average shale, the approximate order being Pb> V> Zn> Cr> Cu> Co > Ni. Assessment of 
selected trace elements, V/(V+Ni), V/Cr, Ni/Co and EF Mn ratios describes the paleoenvironment 
of these sediments to have been partially oxygenated before sulphate reduction interface. The 
pyrite size distribution, DOP, Fe and S correlation points to an organic matter limited 
environment, where the main sulphur sink is pyrite rather than organic matter. The DOP and 
Fe/Al indicated that the sediments became anoxic at the sediment-water interface (early diagenetic 
stages). V/Cr assessment of the dolomite concretions suggested partially oxygenated environment 
corresponding to the black shale deposition. The occurrence of concretions at the base of the 
Whitehill Formation, which has the highest TOC content of 14% compared to other associated 
formations, is evidence that organic matter preservation was important to their origins. The 
parameters used here to assess the redox conditions of the black shales and the dolomite 
concretions in this region of the Karoo Basin suggest a normal marine redox environment, rather 
than the anoxic Black Sea-type environment. The conditions that affected the lower Ecca 
formations varied from semi-oxygenated to oxygen depletion environment. The oxygen depletion 
environment occurred during the deposition of the Whitehill Formation of which organic matter 
preservation was favoured.   
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DEFINITIONS AND ABBREVIATIONS 
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Diagenesis All physical, chemical and biological processes that occur in sediments after 
deposition 
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CHAPTER 1. INTRODUCTION 
Sedimentation has played a major role in the deposition of economic ore deposits in South 
Africa. These include gold and uranium deposits in the Witwatersrand Supergroup; iron and 
manganese in Banded Iron Formations of the Transvaal Supergroup and coal in the Karoo 
Basin. Recently, it has been proposed to explore the Karoo Basin for the potential of natural 
gases, shale gas in particular. The occurrence of economic shale gas deposits in the Karoo 
Basin sediments could be very significant to the national economy, so there is considerable 
interest in understanding its occurrence and origins, and the geological history of the host 
rocks. The black shales of the lower Ecca Formations contain carbonate concretions and these 
carbonates are commonly found near the base of the formations. Therefore, the mineralogical 
and geochemical investigation is conducted into these sediments to decipher their 
paleoenvironment and post-depositional conditions and their influential contribution to gas 
‘pocketing’ in these rocks.   
1.1  Petroleum deposits. 
Petroleum deposits such as oil and natural gas are formed as a consequence of the increased 
temperatures that accompany progressive burial of organic matter-rich mud deposited in 
marine, lacustrine, or swamp environments. The petroleum deposits are classified either as 
unconventional or conventional reservoirs. Unconventional reservoirs cover a wide range of 
hydrocarbon-bearing formations and reservoir types that generally do not produce economic 
rates of hydrocarbon extraction without stimulation (McGlade et al., 2013a). These include 
Tight-Gas Sandstones, Gas Hydrates, and Oil Shale formations, Heavy Oil Sandstones and 
Shale Gas, among others. Conversely, conventional reservoirs include coal, petroleum and 
other forms of natural gases that are readily extractable.  
 
The traditional models for the formation of oil and natural gas typically involve a catagenic 
process dominated by thermal cracking reactions that release low-molecular-mass 
hydrocarbon fragments from the thermally maturing organic matter (Seewald, 2003). These 
reactions are viewed as unidirectional, kinetically controlled processes that are influenced 
solely by time, temperature and the composition and structural characteristics of the source 
kerogen. Historically, relatively little attention was paid to inorganic constituents in this 
process (Seewald, 2003). Furthermore, the fields of organic and inorganic chemistry were 
generally studied separately. However, these classes of compound i.e., organic and inorganic, 
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coexist ubiquitously throughout geological environments. Inorganic compounds such as 
water and minerals participate as reactants or catalysts during organic matter maturation. 
Moreover, many organic alteration products participate in processes that create or destroy 
sediment porosity and permeability, which has direct implications for petroleum migration 
and trapping (Seewald, 2003). In recent years, the importance of organic-inorganic 
interactions has been recognized, and these interactions are now widely used to trace the 
depositional and diagenetic processes of the potential hydrocarbon source rocks. 
1.2  Black Shales 
Carbonaceous black shales are derived from sediments rich in organic matter that undergoes 
a series of transformations after sedimentation. The transformation is known as diagenesis 
and includes a number of redox reactions between organic matter and pore fluids, and other 
mineralogical components of the sediments (Krumbein and Garrels, 1952; Seewald, 2003). 
Further reactions may occur during metamorphism upon deep burial, in response to the 
passage of fluids or, in the case of the Karoo, upon heating by dolerite intrusions and 
deformation due to the Cape Fold Belt. All these reactions processes can affect the 
compositional evolution of petroleum and shale gas derived from the organic matter in black 
shales. The study shows that the Lower Ecca Formations are significantly deformed and 
metamorphosed due to the thermos-tectonic imprint of the Cape Fold Belt that flanks the 
southern margin of the Karoo Basin, resulting in over-maturity of the black shales (Geel et 
al., 2013; De Kock et al., 2017; Chere et al. 2017). Finally, exhumation and surface 
weathering of the black shales also affects their mineralogy, and impacts groundwater 
quality, for example by creating high concentrations of sulphate or H2S. The mineral products 
of these various reactions provide clues to the transformations undergone by the organic 
matter and of the conditions of its deposition, and can therefore be used to better understand 
the formation and diagenesis environment of the carbonaceous shales and their distribution 
within a basin that varies vertically and laterally in its geological conditions (Seewald, 2003). 
1.3 Carbonate Concretions 
Diagenetic dolomite is the second most abundant carbonate mineral found in most 
sedimentary basins but commonly in continental margin sequences with high organic-rich 
content (> 0.5 wt% organic carbon) (Baker and Burns, 1885; Hicks et al., 1996). Depending 
on the availability of Mg, Ca, Fe, and Mn, other carbonate minerals such as calcite, siderite, 
and rhodochrosite may also form (Hein and Koski, 1987; Hicks et al., 1996). Therefore, there 
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are different types of carbonate formation driven by environmental factors such as 
sedimentation rates, organic matter content and degradation, water type and others. For 
example, methane-derived carbonate cement is common in rapidly deposited, organic-rich 
sediments where methane seeps migrate to the sediment/seawater interface (Iverson and 
Jørgensen, 1985; Hovland et al., 1987; Paull et al., 1992; Hicks et al., 1996). Dolomite can be 
authigenic (form in place) or can be detrital precipitation (Hicks et al., 1996) moreover; 
dolomites layers frequently interbedded with evaporating levels, containing gypsum, halite 
and other soluble halides. Early diagenetic precipitation of other carbonate minerals required 
distinct geochemical environments, such as the precipitation of siderites, which occur in two 
distinct environments: the slightly reducing conditions of the suboxic zone, and the strongly 
reducing conditions of the methanogenesis zone. Suboxic conditions are favoured in marine 
environments that have relatively low concentration of organic matter, slow sedimentation 
rates (Berner, 1981; Coleman, 1985), and an Eh too high to allow bacterial sulphate reduction 
and pyrite formation (Maynard, 1982; Hicks et al., 1996). 
1.4  Economic Geology of Karoo Shale Gas  
The South African economy is highly dependent on electricity production for the industrial, 
domestic and commercial energy needs. Coal is the dominant primary resource of electricity 
generation in South Africa under the Eskom Company. High carbon emission is created due 
to the burning of coal. Natural gas is a promising method to fuel the peak load of electricity 
generation and lower carbon emission from that generated by coal burning (EIA/ARI, 2013). 
Over the past decade, technological developments in drilling capability have prompted much 
interest in potential shale gas in the Karoo Basin of South Africa. The gas is preserved within 
carbonaceous shale (black shale) formations in the Lower Ecca Group (Early Permian). An 
initial estimate of 390 trillion cubic feet (Tcf) of risked shale gas in-place with 13 Tcf as risk 
has been made (McLachlan and Davis, 2006). However, recent studies such as De Kock et al. 
(2017) and Chere et al. (2017) indicate conflicting interpretation that the estimated current 
resource of 0.4-11 x 10
9
 m
3
 (13-390 Tcf) are speculative based on black shale thickness, area, 
depth, thermal maturity and, most of all the total organic content of the Whitehill Formation. 
The conflicts are due to unquantified over-maturation of organic matter influenced by the 
Cape Orogeny tectonics, and the thermal imprint of the Jurassic dolerite intrusions in the 
different parts of the basin which may have had an impact on the quality of the shale 
resources.  
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Figure 1. 1. Top ten shale gas-bearing basins with estimated volumes in (Tcf), South Africa 
with an estimate of 390 Tcf (IER, 2013). 
1.5 Formulation of the Research Question. 
The present research is a mineralogical and geochemical investigation into carbonaceous 
shales and associated sedimentary rocks of the Lower Ecca formations in the Jansenville area 
of the Karoo Basin. The research is conducted with the ultimate aim to decipher the role of 
inorganic compounds in the post-depositional geochemical evolution of organic matter in 
these shales, and to determine the depositional, diagenetic, and post-diagenetic processes that 
influenced the formation and evolution of potential petroleum sources and associated features 
such as prominent carbonate deposits within carbonaceous shales near the southern margin of 
the Karoo Basin.  
Chemical and physical techniques are required to decipher the depositional and diagenetic 
history of black shales and carbonates in the Karoo Basin: 
Petrographic sections (thin sections): are used to describe the mineralogy and to identify 
organic structures.  
Scanning electron microscope (SEM): investigates the interrelationships of the phases in the 
shale and carbonate specimens by backscattered-electron imaging, and energy-dispersive x-
ray analysis. These techniques identify minerals, establish their abundances, and distribution 
within the samples, and reveal textural details such as generations of growth or resorptions, 
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and internal compositional variations such as zoning.  
X-ray diffraction (XRD): is used to analyse and determine the mineralogical compositions. 
Elemental Analysis-X-ray fluorescence (XRF): is used to analyse bulk chemistry of trace, 
minor and major elements. 
Laser ablation ICPMS: is used to analyse trace elements that were not analysed by XRF.  
1.6  Thesis Outline: 
CHAPTER 1 INTRODUCTION introduces the formation of petroleum deposits and their 
classification and thereafter introduces the shale gas formation in the Karoo Basin. The 
chapter further introduces the organic and inorganic interactions and explains the influence of 
inorganic constituents on shale gas formation. This then elucidates the aim and objective of 
the research in questions. The chapter further summarises the methods required to decipher 
the research question. 
CHAPTER 2. GEOLOGICAL SETTING OF THE KAROO BASIN ASSEMBLAGE 
describes the deposition of the Karoo Supergroup and the lithostratigraphy of the lowermost 
Permian Ecca Group  
CHAPTER 3. REVIEW OF BLACK SHALE AND CARBONATE CONCRETIONS 
details the previous work done on inorganic interaction with organic matter, the formation of 
black shales and carbonates; and the geochemistry of the black shales of South Africa. 
Different types of depositional models, the inorganic-organic interaction chemistry and 
diagenesis processes are described in the first section. Second section details the field 
observation and the geochemistry done in the shales of the Karoo Basin. 
CHAPTER 4. LOCALITY AND SAMPLING METHOD describes the field observation, 
sampling, and laboratory work.  The field observation describes the rocks and geological 
features observed in the council for Geoscience (CGS) core shed in Pretoria and the 
Jansenville-Klipplaat Areas. Thereafter, samples of interest to the research question (black 
shales and dolomitic concretions) were sampled from the core and in the field. The laboratory 
work details the analysis performed on the samples from microscopy to geochemistry and 
describes the analytical instruments used for each analysis.  
CHAPTER 5 RESULTS reports the findings on the lithological description, microscopic 
analysis and geochemistry (XRF analysis).  
CHAPTER 6. DISCUSSION this section compare and contrast on the results detailed in 
chapter 5. It interlinks the aim and objective of the thesis by discussing the results obtained.  
CHAPTER 7. CONCLUSION summarises the aim conclusions of the thesis. 
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CHAPTER 2. REVIEW OF BLACK SHALES AND CARBONATE 
CONCRETIONS 
This chapter introduces and discusses the regional and local literature review of the black 
shales and the carbonate concretions. This chapter is divided into two main sections: Black 
Shales (2.1) and Carbonate Concretions (2.2). 
2.1 Black Shales 
Black shale is dark-coloured, organic-rich fine-grained sedimentary rock typically composed 
of the variable amount of clay minerals and quartz grains. The black shale is substantially 
enrichment in organic matter and thus they are potential source rocks for petroleum and 
natural gas. Over the years, geochemists have also recognized the importance and 
participation of inorganic materials in the formation and evolution of petroleum products. 
Water and minerals are the main inorganic materials active within the organic matter in 
sedimentary basins. The interaction between organic and inorganic constituents begins during 
deposition and diagenesis. 
 Depositional framework 2.1.1
To better understand the interactions of inorganic and organic macromolecules, firstly the 
theories and principles behind the depositional environments are described, so that they may 
be applied to the study area. Black shale is a kind of sedimentary rock rich in organic matter, 
which is said to be formed in a stagnant and anoxic environment (Didyk et al., 1978, 
Seewald, 2003). Three models can describe the range of depositional environments in which 
mudstones (black shales) may accumulate namely: (1) restricted circulation; (2) oligotrophic 
open ocean; and (3) continental shelf (Didyk et al., 1978). The models illustrate the great 
emphasis on the deposition of elements and mineral constituents within the environment. 
This includes oxygen distribution and hydrogen sulphide in the water column and sediments. 
The role of oxygen in relation to the amount of organic material is also described. Less 
oxygen is required within the organic matter so that the environment can be of a potential 
source for petroleum products. Organic materials deplete oxygen and result in conditions in 
which organic-rich sediments can accumulate (Didyk et al., 1978; Tourtelot, 1979; Stow et 
al., 2001; Tyson, 2005). 
  Restricted circulation model (a)
This model suggests that the oxygen content of the water column is not renewed by 
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circulation so that organic-rich sediments can accumulate even if organic productivity is 
relatively small. The organic materials may originate from the land if terrestrial life exists; 
the rest is produced by photosynthesis in the photic zone (Figure 3.1). The organic material is 
largely recycled in the photic zone by chemical and biological processes and small proportion 
suites into anoxic waters beneath and are preserved (Didyk et al., 1978; Tourtelot, 1979). The 
oxygen content of the water is high in the photic zone but becomes depleted with increasing 
depth and at some point is completely consumed by the oxidation of the settling of organic 
material. The depletion of the oxygen is caused by large oxygen demand of the decomposing 
organic material itself so that the remaining organic material will accumulate at the bottom 
below the level zero of oxygen content (Tourtelot, 1979). The settled organic material can 
only be removed by anaerobic decomposition, thus generating hydrogen sulphide (H2S) in the 
bottom sediments, which may diffuse into the overlying water mass. Both the sediments and 
the depositional environment are anoxic. A model analogue for the restricted circulation 
model is the Black Sea (Goldhaber and Kaplan, 1980). 
 
Figure 3. 1. A description of restricted circulation model indicating that the oxygen is not 
renewed, thus organic matter can still accumulate regardless of the unavailability of 
oxygen (modified from Tourtelot, 1979). 
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 The oligotrophic open ocean model (b)
The oxygen content of the water is controlled by circulation in this model; hence, the settling 
of the organic material at the bottom is strongly influenced by the amount of organic material 
that escapes from the photic zone. Below the photic zone, the oxygen is minimised by 
oxidation of organic material (Figure 3.2). In this model, the organic material must be 
sufficient so that some part of organic material (resistant material) can survive and 
accumulate at the bottom while another organic material undergoes degradation (Tourtelot, 
1979). Settling rates too rapidly for oxidation of organic materials to be complete can be 
caused by incorporation of organic material in faecal pellets or by aggregation with mineral 
particles, even if the organic material is susceptible to oxidation (Tourtelot, 1979). Oxic 
conditions may persist a few millimetres below the sediments,  but eventually, anoxic 
conditions are met because of bacterial processes and the slow replenishment of dissolved 
oxygen by diffusion below any zone of burrowing that is present (White, 1979) (Figure 3.2). 
 
 
Figure 3. 2. A description of the open ocean model indicating that the oxygen content of 
renewed water is controlled by the availability of organic matter. However, organic 
matter can still accumulate regardless of the availability of oxygen due to kinetic 
processes (modified from Tourtelot, 1979). 
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  Continental shelf model (c)
The continental shelf model is similar to other models with the same input factors, but 
because of shallow bathymetry, there is little or no water between the photic zone and the 
bottom. There is rapid settling to the bottom, thus less recycling of the organic material in the 
photic zone. The photic zone may still contain large oxygen content in the water because of 
circulation and atmosphere mixing (Tourtelot, 1979). This kind of depositional environment 
has been deduced for several transgressive black shales in North America, such as those in 
cyclothems of Pennsylvanian age (Zangerl and Richardson, 1963; Tourtelot, 1979). 
 
 
Figure 3. 3. The description of continental shelf model is similar to another model with the 
same input factors, but there is little or no water between the photic zone and the 
bottom (modified from Tourtelot, 1979). 
 Diagenetic framework. 2.1.2
The aforementioned models (2.1.1) indicate that the preservation of organic matter is a 
complicated process. Different relationships between rates of clastic sedimentation, organic 
productivity, and the intensity of oxidation result in variations in the organic carbon content 
of sediments (black shale and carbonate deposition). As such, not only organic materials play 
a role but also inorganic materials play an important part in organic matter enrichment and 
preservation. Relationships between organic materials and inorganic materials have important 
implications for petroleum geochemistry; hence, the generation of petroleum deposits 
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depends firstly upon how materials are being deposited. The zone of diagenesis is better 
understood than the characterised conditions proposed for depositional models, because of 
access to data on pore fluids, sediments from deep-sea drilling, laboratory experiments, and 
theoretical considerations (Tourtelot, 1979; Raiswell et al., 1988; Sinninghe et al., 1989; 
Seewald, 2003; Tyson, 2005). In fact, the products of diagenetic processes remain in the 
rocks and provide reliable insights, whereas the oceanic water conditions are short-lived and 
not preserved. The zone of diagenesis is a significant stage in the rock formation. Krumbein 
and Garrels (1952) clearly described that sedimentary rock composition is influenced by pH 
and oxidation-reduction potentials during diagenesis. 
In the diagenetic zone, the mixture of organic matter and clastic sediments is operated on in 
rather predictable ways by biological and chemical processes controlled chiefly by 
temperature, pressure and time. During the deposition of organic matter, inorganic material 
becomes incorporated, thus altering the original composition of the organic matter by 
reacting with it, in the early diagenesis.  
 
Figure 3. 4. Diagram indicating the diagenetic processes with products and pore water 
concentration. The highlighted red indicate the methanogenesis process and products. 
Dolomite can occur because of bacterial sulphate reduction or methanogenetic 
processes, but these two varieties differ in composition, being ferroan and non-
ferroan dolomite respectively (Einsele, 2000). 
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  Organic Matter versus Inorganic Materials (through sulphur species) 2.1.2.1
The sedimentary basins of black shale formation become not only enriched by organic 
carbon, but also inorganic species. Through the observation and analysis of modern and 
ancient marine sediments both at the molecular level and by bulk chemical plus isotopic 
methods, it has been established that the reactions between inorganic species and organic 
matter (Figure 3.5) occur in early diagenesis through sulphate reduction processes. Therefore 
evaluation of reactions between sulphur species and organic matter plays a significant role to 
decipher both the diagenesis and deposition. Moreover, sulphur is derived in the first instance 
at least by microbial sulphate reduction (Kok et al., 2000a; van Dongen et al., 2003a, b). 
Diagenetic sulphurization can also affect the preservation of organic matter, enhancing the 
preservation potential of specific biomarker lipids (Sinnighe and deLeeuw, 1990, for review) 
and carbohydrates (van Kaam-Peters et al., 1998). 
Studies suggest that reduced sulphur can become incorporated into the organic matter during 
diagenesis by reacting either with fully reduced, dissolved sulphide species or with partially 
oxidised phases such as elemental sulphur or polysulphides (as shown in Figure 3.5) (Orr, 
1986; Raiswell et al., 1988). The incorporation of sulphur into biogenic organic matter can 
occur via two processes: (1) an assimilatory process that has very little isotopic 
discrimination and (2) a dissimilatory process, whereby sulphate acts as an electron acceptor 
in anaerobic bacterial sulphate reduction and produces H2S that can be up to 72‰ depleted in 
34
S relative to sulphate. The main source for inorganic reduced sulphur species in marine 
sediments is the dissimilatory sulphate reduction by sulphate reducing bacteria. The fully 
reduced sulphur and partially oxidized sulphur species formed by either process mentioned 
above are believed to react with organic matter by a variety of mechanisms to form organic 
sulphur compounds. The formation of sulphides requires anoxic conditions; as such, 
anaerobic bacteria use organic matter as an energy source and reducing agent.  
This means that the organic matter must be sufficient to remain after all the available oxygen 
is consumed by aerobic microorganisms. Aerobic micro-organisms consume oxygen by 
converting the organic matter to carbon dioxide (CO2). The remaining organic matter 
undergoes anaerobic bacterial oxidation, as shown by the equation below: 
2CH2O + SO4 =   bacteria H2S + 2HCO3      (1) 
 
The sulphate reduction will eventually cease, and the remaining organic matter is thus 
Organic matter    kerogen/bitumen 
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preserved within the diagenesis stage, and may, of course, be decomposed further via 
fermentation or decarboxylation reactions at a greater depth and temperature during further 
burial. Studies of organic sulphur in ancient sediments have pointed to the significance of 
reactive iron abundances in controlling the reactions of the reduced sulphur species with 
organic matter (Gransch and Posthuma, 1973; Tourtelot, 1979; Orr 1986; Werne et al, 2000). 
 
Figure 3. 5. Model illustrating the formation and reactions between sulphur species and 
organic matter in the sedimentary basin (Werne et al., 2000b). 
This suggests that sulphide species react more rapidly with iron minerals than organic matter 
(Figure 3.5), hence the reaction between reduced sulphur and organic matter will only be 
favoured in a low concentration of reactive iron, which is readily consumed to leave excess 
dissolved sulphide. Iron mineralogy is thus an important criterion in examining the 
relationship between the extent of sulphur incorporation into organic matter and 
measurements of reactive iron abundance. This is because iron minerals are potentially 
reactive toward hydrogen sulphide, and vary considerably in their rates of reaction depending 
on sulphide concentration and specific surface area, type and concentration of iron minerals 
(Canfield et al., 1992; Krein and Aizenshtat, 1995; Putschew et al., 1998). 
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The mechanisms of diagenetic sulphur incorporation into the organic matter are still debated 
but fundamentally require that the sulphur is derived from pore water sulphide produced via 
(bacterial) sulphate reduction, either directly or via reactive intermediates (Raiswell et al., 
1993; Werne et al., 2008). This include all of the possible inorganic sulphur sources, sulphate 
(SO4
2-), sulphide (ΣH2S, including HS
-
 and S
2-
), and reactive intermediates such as elemental 
sulphur (S
0
), polysulphides (Sx
2-
 x > 1) and thiosulphate (S3O3
2-
) which can be produced in 
the natural environment by microbial processes. Abiotic processes (Pyzik and Sommer, 1981; 
Werne et al., 2008) can also produce intermediates. Fully reduced and partially oxidized 
sulphur species are thought to react with organic matter by a variety of mechanisms to form 
organic sulphur compounds. Organic sulphur (OS) quantitatively is second to pyrite as a 
reduced sulphur pool in the sedimentary environment (Burner and Raiswell, 1983; Garrels 
and Lerman, 1984; Raiswell et al., 1993; Werne et al., 2008). The most commonly suggested 
mechanisms are: 
(1) Nucleophilic substitution 
Sulphur species can displace the labile groups, usually hydroxides or halides in organic 
matter (Dinur et al., 1980; Luther et al., 1986; Raiswell, 1993, Seewald, 2003): 
R-C-OH + HS
-
x R-C-SH + OH
-
 + Sx-1       (2) 
x = 1, HS
-
x is bisulphide; x > 1, HS
-
x is polysulphide. Increase in sulphur associated with 
oxygen loss have been observed by Dinur et al (1980) and Powell and Macqueen (1984) in 
bitumens and kerogens extracted from ancient sediments.  
(2) Nucleophilic Addition 
Sulphur species can be added to organic matter across polarised (or activated) double bonds 
(Dinur et al., 1980; Luther et al., 1986; Raiswell et al., 1993, Seewald, 2003). 
R-CH=CH-R
’
 + HS
-
x  R-CH-CH(SH)-R
’
 + Sx-1      (3) 
The nucleophilic addition reaction tends to be favoured in modern sediments because pore 
water in reducing marine sediments was found containing high concentrations of unusual 
thiol, structurally related to a common double bond-bearing product of the algal osmolyte, β-
dimethylsulphoniopropionate (Vairavamurthy and Mopper, 1987).  
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 Pyrite Formation 2.1.2.2
In anoxic marine sediments, partially oxidized sulphur species appears to be formed by 
reactions between dissolved sulphide (microbial sulphate reduction product) and dissolved 
oxygen or ferric iron (Raiswell et al., 1993). The introduction of oxygen is shown in (section 
1.2 depositional environment). Partially oxidized sulphur species can form by reaction 
between goethite and dissolved sulphide.  By contrast, dissolved sulphide concentrations in 
pore waters commonly increase with depth to a maximum of more than a meter below the 
sediment surface (Goldhaber and Kaplan, 1980). Concentrations controlled by the rate of 
reaction between different detrital iron minerals react to remove H2S. The work of Canfield 
(1989) has indicated that other minerals react instantaneously compared to others such as 
ferrihydrite and lepidocrocite is more rapid compared to goethite and hematite. Within the 
reaction, the more reactive iron oxides are consumed, thus these less reactive iron phases will 
not remove pore water sulphide at rates that match its production, and concentration of 
dissolved sulphide increase rapidly with depth (Canfield and Raiswell, 1991). Pyrite will tend 
to form at a slow rate by reactions with residual poorly reactive iron phases. In contrast, the 
bottom waters that are H2S bearing, the sediments have no iron-dominated zone because the 
H2S supply in the water column exceeds the supply of iron oxides (Canfield et al., 1992; 
Raiswell et al., 1993; Werne et al., 2008). The modern sediments studies, therefore, suggest 
two methods of sulphur incorporation into organic matter that could occur (Figure 3.5): 
 Via partially oxidized sulphur species (in the zone of bioturbation and/ or where reactive 
irons are present; Luther et al. (1986). In this incorporation, a large amount of pyrite is 
produced near the sediment surface. 
 Via dissolved sulphide species (once highly reactive iron oxide minerals are consumed; 
Gransch and Posthuma, 1973). A small amount of pyrite is produced by slow reaction 
with poorly reactive iron phases and more of H2S is observed. To some degree, this 
situation should be reflected in the S/C ratio of organics. 
The amount and bacterial metabolizability of organic matter appear to be the most important 
factor controlling the quantity of pyrite and organosulphur formation in a non-marine 
environment (Frost, 1996). If no organic matter is preserved, there is no net reduction of 
sulphate to sulphide and hence no formation of pyrite. This lies with the continental shelf 
model and restricted circulation model. In euxinic marine environment where the bottom 
water contains hydrogen sulphide, iron sulphide forms in the water column or at the water-
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sediment interface, and can appreciate amount of pyrite is preserved even if little or no 
organic material reaches the sediments (Raiswell et al., 1993; Frost, 1996; Werne et al., 
2008). The limiting factor of pyrite formation in euxinic environments is the amount of 
reactive detrital iron delivered to the sediment. Their demonstration is based on the lack of 
correlation between organic carbon and iron that exists as pyrite.  
The size distribution of pyrite framboids has been used to decipher the redox conditions of 
the depositional environment (Wilkins et al., 1997). Pyrite framboids are said to form near 
the transition of oxic to anoxic (redox interface) environment and this could take place in the 
sediments or within the water column. Wilkins et al (1997) have made detailed studies on the 
size distribution of pyrite framboids in recently deposited sediments that include euxinic, 
dysoxic and oxic environments. And they concluded that framboids with an average diameter 
of smaller than <5µm are formed within the euxinic basins and are less variable in size than 
those formed in modern sediments underlying oxic water redox conditions of fined grained 
sedimentary rocks. 
Shale contains various amount of clay and iron sulphide minerals that can react with the 
water to form sulphates and mild sulphuric acid. This formation of sulphates and sulphuric 
acid causes the shale to weather very rapidly and degrade into unstable clay and sulphate 
minerals (Berner, 1970; Frost, 1996). Slow deposition, the abundance of organic material and 
the lack of oxygen during diagenesis of the shale allowed sulphide minerals, primary pyrite, 
to precipitate between organic matter and bedding planes. Pyrite in shale oxidizes into 
various efflorescent sulphate minerals commonly called pyrite swelling. Pyrite swelling is a 
chemical reaction between groundwater and pyrite and most sulphate minerals form from the 
chemical reaction, but the two common minerals are jarosite and copiapite (Berner, 1970; 
Frost, 1996). 
 Systematic of trace element enrichment  2.1.3
Trace elements can serve as proxies for understanding the paleoredox, paleodepositional 
settings and other factors (Tourtelot, 1970). To use trace element concentrations to 
reconstruct paleoenvironmental conditions, one must assess whether they are relatively 
enriched or depleted. The geographical location dictates trace elements incorporation within 
the depositional environment. All trace elements present in seawater either are adsorbed onto 
particles or occur in soluble form. The trace elements are removed from the water column to 
the sediments by either biotic or abiotic processes. Elements found in marine water are 
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derived from biogenous plankton remains, terrestrial sources, and/or thermal water sources 
within the marine basin (Leventhal, 1998; Brumsack, 2006; Tribovillard et al., 2006).  
Oxygen concentrations are categorized as oxic (> 2.0 ml O2/L); dysoxic or suboxic (~0.2-2.0 
ml O2/L); anoxic-nonsulphidic (<2.0 ml O2/L, 0 ml H2S/L); and euxinic or anoxic-sulphidic 
(<2.0 ml O2/L, > 0 ml H2S/L). Trace elements enrichment and distribution amount and type 
in sediment-water interface depend on several factors. Cruse and Lyons (2004) observation 
from laterally continuous mid-Continental Pennsylvanian shales. Although Brumsack (2006) 
indicated little difference in trace element enrichment between coastal upwelling zones and 
deep euxinic basins, some differences (higher or lower enrichment values) do exist and 
variation within each setting. Each setting is controlled by localized geographical differences: 
sediment influx, type and of sulphurization and redox threshold factors. Sediment rate, 
terrigenous flux, biogenic flux, hydrothermal input, diagenesis and ultimately weathering 
controls the relative abundance of trace elements in sediment (Leventhal, 1998).  
The complexity of these variable parameters makes straightforward interpretation paleo-
conditions difficult. Thomson et al (1993) showed that even though contemporaneous 
measured section with decreasing Eh profiles with depth, during deposition, individual 
elements might not show any well – developed redox-controlled separation within the 
sediments. Thomson et al. suggest among many possibilities, that changing redox conditions 
may overprint earlier diagenetic conditions, homogenizing the trace elements. Three groups 
namely: (1) stable sulphide forming trace elements, (2) redox-sensitive trace elements and (3) 
trace elements involved in the biological cycles; are formed by enrichment of trace elements 
in organic carbon-rich sediments (Brumsack, 2006).  
Trace elements occur to be adsorbed onto mineral or organic surfaces, as organometallic 
complexes, in solid solution in pyrite, phosphate and sulphate, metal sulphides or as insoluble 
oxides and oxyhydroxide (Morse, 1994; Tribovillard et al., 2006). As a result, their 
depositional behaviour depends on pH and Eh conditions of the sediment environment. Trace 
elements incorporated in pyritization include As, Hg, Mo, Cu, Co, Mn, Ni, Pb, Cd, Cr and Zn 
(Huerta-Diaz and Morse, 1992). 
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Table 3. 1. Common sensitive trace elements used as paleoredox indicators. 
Wedepohl (1971); Colodner et al. (1993) - Resource; Emerson and Heusted, (1996) - Mo residence time; 
Morford and Emerson (1999); McLennan (2001); Miller et al. (2011) - Re residence time; Tribovillard et al. 
(2006);  
*Mn average does not include two samples with heavy enrichment in Mn. All samples avg = 569 | 151.945 (Al-
Norm). 
 Vanadium (V) (i)
Vanadium is present in the ocean as vanadate oxyanions HVO4
2-
 and H2VO4
-
, and reduced to 
the vanadyl anion V(IV)O
2-
. In the euxinic conditions, vanadium can further be reduced to 
V(III) (Morford and Emerson, 1999). In diagenetic conducive environments, V(III) 
substitutes aluminium in authigenic clay minerals from the octahedral sites (Breit and Wanty, 
1991). Vanadium is delivered to the ocean via continental run-off and from hydrothermal 
fluids associated with submarine volcanism. In pelagic and hemipelagic sediments, vanadium 
is tightly coupled with redox cycles of Mn (Hastings et al., 1996). Vanadate adsorbs onto 
both Mn- and Fe- oxyhydroxides (Calvert and Piper, 1984; Wehrly and Stumm, 1989).  
 Chromium (Cr) (ii)
Chromium primarily exists in the oxygenated water as Cr (VI) in the chromate anion, CrO4
2-
, 
and as Cr (III) in a much lesser extent, Cr (H2O)4(OH)2
+
 (Calvert and Pedersen, 1993). 
Chromate anion is soluble under the current normal seawater conditions, but under anoxic 
condition Cr(IV) is reduced to Cr (III) forming aquahydroxyl cations and hydroxyl cations 
(Cr(OH)2
+
, Cr(OH)3, (Cr, Fe)(OH)3) which can adsorb to Fe- and Mn- oxyhydroxides (Breit 
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and Wanty, 1991; Algeo and Maynard, 2004) and exported to the sediments. The structure 
and electronic of Cr makes it incompatible with pyrite, thus Cr(III) uptake by pyrite is very 
limited (Huerta-Diaz and Morse, 1992). Therefore, Cr is not readily trapped within the 
sediments in the form of sulphide and may be lost to the overlying water column by 
diffusive/advective transport during sediment compaction (Tribovillard et al., 2006). The 
viable path for Cr is by transportation to the sediment with the land-derived clastic fraction 
(e.g., chromite, clay minerals; Francois, 1988; Brumsack, 1989; Hild and Brumsack, 1998; 
Tribovillard et al., 2006). 
 Cobalt (Co) (iii)
Cobalt exists as dissolved cation Co
2+
 in oxic environments or is complexed with 
humic/fulvic acids (Saito et al., 2002; Whitfield, 2002; Achterberg et al., 2003). Cobalt can 
be taken by authigenic Fe-sulphides in anoxic waters because Co forms the insoluble 
sulphide CoS (Huerta-Diaz and Morse, 1992). Co reliability as a proxy is limited in 
sediments as is more strongly tied to an abundance of clastic minerals (Tribovillard et al., 
2006). 
 Nickel (Ni) (iv)
Nickel is a productivity proxy that behaves as a micronutrient in oxic environments and may 
exist, as soluble Ni
2+
 cations or NiCl
+
 ions but it is mostly present as Ni carbonate (NiCO3) or 
adsorbed onto humic and fulvic acids (Calvert and Pedersen, 1993; Whitfield, 2002; Algeo 
and Maynard, 2004). Complexation of Ni with organic matter accelerate scavenging in the 
water column and thus sediment enrichment (Nameroff et al., 2004; Piper and Perkins, 2004; 
Naimo et al., 2005). Ni may be incorporated into pyrite as the insoluble NiS even if the 
kinetics of the process is slow (Huerta-Diaz and Morse, 1990, 1992). 
 Molybdenum (Mo) (v)
Molybdenum is regarded as one of the essential paleoredox indicators as it exists as 
molybdate (MoO4 
2-
) in oxic marine waters. Due to its low reactivity, Mo has the highest 
(salinity normalized) seawaters concentration (100nmol/Kg) of most trace elements (Collier, 
1985). Mo is taken up by the Fe- sulphides and readily co-precipitates with Mn-
oxyhydroxides in the form of Mn nodules and ferromanganese crusts in oxic marine 
environments (Scott and Lyons, 2012). 
Molybdenum enrichment depends highly on the Mn-Fe redox cycling because Mn-Fe 
oxyhydroxides in the water column can adsorb molybdate anions which subsequently 
released under reducing conditions into the sediment where they can be scavenged and 
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sequestered. However, the geochemical mechanism of Mo removal from the seawater and 
enriched in the sediment under reducing conditions is still debatable incomplete but has 
significantly evolved over the years (see Huested, 1991; Helz et al., 1996; Erickson and Helz, 
2000; Lyons, 2006; Helz et al., 2011). More than one geochemical model has been used to 
understand the mechanism behind the concentrations of Mo in sediments (Tribovillard et al., 
2006). Helz et al (1996) proposed an ideal geochemical switch model by which molybdate is 
converted to thiomolybdates via sulphide above a critical H2S concentration threshold value 
under reducing anoxic and sulphidic conditions. Erickson and Helz (2000) proposed an 
intermediate transition step through oxythiomolybdates (MoOxS(4-x)
-2
 (x=0-3)) on the way to 
the highly particle-reactive (easily scavenged) species,  MoS4
2-
. The total reaction can be 
written: 
MoO4
2-
 + 4 H2S (aq) ↔ MoS4
2-
 + 4H2O  (Tissot et al., 2012) 
This geochemical switch model is widely accepted (Tribovillard, 2006; Helz et al., 2011; 
Scott and Lyons, 2012). 
 Uranium (U) (vi)
Uranium is not involved in Mn-Fe redox cycling in the water column (Algeo and 
Tribovillard, 2009). Uranium takes the primary stable and soluble form of U(VI) in 
oxygenated ocean waters with a relatively long residence time (450 k.y.) where uranyl ions 
bind with carbonate ions to form UO2 (CO3)3
4-
.  Authigenic enrichment in reducing sediment 
is achieved almost exclusively through diffusion across the sediment-water interface 
(Klinkhammer and Palmer, 1991). The pathways of reducing U(VI) to (IV) are said to be 
mediated by the microbial activities, therefore playing an important role in uranium 
accumulation in reducing sediment. The degree of enrichment is controlled by either 
oxygenated bottom water, the accumulation rate of organic carbon through the water column 
or some combination of both (McManus et al., 2005). Once the U is reduced, it takes the 
form UO2, U3O7 or U3O8 in the sediment (Algeo and Tribovillard, 2009). 
2.2 Carbonate Concretions 
In organic-rich sedimentary basins, organic matter degradation by sulphate reduction can 
significantly alter pore-water chemistry and results in the precipitation of early diagenetic 
carbonate, phosphate and sulphide minerals (Figure 3.4 & 6). These precipitate minerals are 
termed organogenic because they result directly from the organic matter diagenesis (Hicks et 
al., 1996). Diagenetic processes in carbonates may include modifications to texture, 
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mineralogy, chemistry and porosity. Processes that produce such changes are widespread and 
include mechanical and chemical composition, cementation, dissolution, dolomitization and 
recrystallization. The organic matter degradation takes place within a succession of microbial 
depth zones: oxic, suboxic (Mn and Fe oxide oxidation), sulphate reduction, methanogenesis 
and fermentation, followed by thermal degradation (Hicks et al., 1996). 
 Deposition framework 2.2.1
Dolomite is a mineral but is widely interchanged as a rock, also called dolostone. Formation 
of dolomite varies thus making it unusual and not simple mineral; it can form as a primary 
precipitate, diagenetic replacements, or as a hydrothermal/metamorphic phase (Lonne, 1999; 
Warren, 2000). Dolomite that some call it magnesium-rich limestone; require permeability, a 
mechanism that facilitates fluid flow, and a sufficient supply of magnesium to form. 
Dolomite complexity is due to different environments of formation because it can form in 
early to late burial settings, in lakes, in zones of brine reflux, and on or beneath the shallow 
seafloor (Land, 1985; Hardie, 1987; Warren, 2000). Thus, it can be said that it forms in an 
environment that can release magnesium ions, with conjunction with calcium carbonates.  
Sedimentary dolomite is metastable, the mineral evolves as it moves through earth-space and 
time. Changing conditions of burial depth, pore brine chemistry, temperature and pressure 
mean that dolomites may re-equilibrate many times during their burial history similar to the 
black shales. As such, the process for dolomite formation a single event, dolomitization 
process encompasses successive responses to compositionally diverse and evolving pore 
fluids that produce a suite of replacive and cementing phases (Warren, 1989, 1990; Land, 
1985; Suchy et al., 1996). There are mainly two types of dolomite classification, the 
depositional or early diagenetic dolomites, thus both depositional and early diagenetic 
dolomites can evolve or re-equilibrate into new forms as conditions change. However, all the 
models are governed mostly by hydrological processes for the evolution of natural dolomites. 
For dolomite (crystals) to precipitates, there must be a solution throughout that is capable of 
sufficient supply of magnesium to generate and sustain supersaturation (Gregg et al., 1992). 
Fundamentally, any model for the formation of massive dolomite bodies must satisfy two 
basic criteria: (1) thermodynamic and kinetic conditions must be favourable for 
dolomitization; and (2) there must be fluid-flow mechanism by which reactants and products 
can be transported to and from the site of dolomitization (Machel and Mountjoy, 1986; 
Hardie, 1987). These include: 
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 The amount of Mg available must be sufficient to replace Ca to form dolomite 
 A mechanism to deliver the Mg to the vicinity, plus deliver a small amount of CO3 
and carry away Ca ions; and, 
 The composition of the dolomitizing fluid must be conducive to dolomitization. 
There are numerous types of surface and subsurface fluids, many derived from seawater, that 
are thermodynamically supersaturated with respect to dolomite. The Mg required to form 
dolomite can be obtained from 1) high-Mg calcite; 2) Mg absorbed on clay minerals and 
organic matter; 3) structure-bound Mg in clays and organic matter, 4) Mg re-mobilized by 
pressure solution from older dolomites or surrounding Mg-rich carbonates; 5) formation 
waters; 6) hypersaline seawater; and, 7) fluid injection through fractures and faults (Qing and 
Mountjoy, 1994). 
Models have been proposed to explain the dolomitization process. Common models include: 
1) hypersaline/reflux model (Illing et al., 1965; McKenzie et al, 1980; Warren, 1991, 2000); 
2) seawater/Kohout model (Kohout, 1980); 3) shallow-subtidal model (Katz 1982; Bein and 
Land 1983); 4) meteoric-marine mixing model (Hanshow et al, 1971; Warren, 2000); 5) 
burial compaction model (Illing, 1959; Langton and Chin, 1968; Morrow et al, 1990) and 6) 
tectonic/hydrothermal model (Langton and Chin, 1968; Aulstead and Spencer 1985).  There 
is overlap between these models, and several models could apply to one setting. The 
application of these models requires detailed knowledge of the palaeogeography, 
petrography, geochemistry, facies and dolomite distribution (Tucker and Wright, 1990). The 
dolomite precipitated in one model may not be chemically and petrographically distinct from 
another (Tucker and Wright, 1990), and the recrystallization and/or multiple dolomitizing 
events in the several different environments must also be considered. 
 Hypersaline/Reflux model (i)
The hypersaline/reflux model was the first model to be developed to try to explain large-scale 
dolomitization that involves the evaporation of open marine water to produce high saline 
fluids (King, 1947; Adams and Rhodes, 1960). The seawater undergoes evaporation resulting 
in halite saturation thus elevating Mg
2+
/Ca
2+ 
ratios, by a combination of Mg
2+
 concentration 
and Ca
2+
 loss by precipitation of gypsum or anhydrite. The removal of calcium will raise the 
ratio to 5 or 6 times that of the seawater that favours in turn, dolomite formation (Morrow, 
1990). Elevation head pumping (sabkha) or density head pumping (i.e. seepage-reflux) 
constantly supply the Mg
2+ 
required for dolomitization. The model was developed with the 
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observation of sabkha. Hypersaline fluids in the sabkha model sink into the underlying 
sediments because of the difference in elevation head leading to downward infiltration that 
may result in dolomitization. The saline fluid occupies the pore spaces that were previously 
occupied by the evaporated groundwater. The hypersaline waters will be allowed to infiltrate 
down into the underlying sediments and move seaward by seepage through the seaward-
dipping beds; however, this can be accomplished by an increase in fluid density associated 
with the seepage-reflux model (Morrow, 1990). Therefore, in this reflux model, 
dolomitization occurs after the precipitation of significant quantities of gypsum. Thus, the 
reflux dolomite is associated with an overlying seal of evaporates. The crystal size of reflux 
dolomite range from fine to medium crystalline, because they commonly form prior to 
compaction and often fabric preserving. Chemically the reflux dolomite tends to show heavy 
δ18O values and contain single-phase fluid inclusions, both suggesting low formation 
temperatures. The strontium ratios will reflect the parent evaporate brine from which the 
dolomite precipitated (Allan and Wiggins, 1993). 
 
Figure 3. 6. Sakha-style model in the Arabian Gulf cross –section of peritidal sediments on a 
sabkha on Qatar peninsula (from Warren, 2000 adopted from Bush, 1973). 
The model was adopted from the Arabian Gulf (Warren, 1991). The Arabian Gulf is the 
warmest sea in the world with the surface temperature in the open gulf ranging from 20
o
C in 
February to 34
 o
C in August (Warren, 2000), the water temperature in the Abu Dhabi Island 
range from 23
 o
C to 34
 o
C, in the inner lagoon range from 15 to 34 
o
C. Air temperature on the 
sabkha can be as low as 5
 o
C and as high as 50
 o
C. In summer, sabkha can be extremely 
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humid, around the night, yet by mid-afternoon on the same day call, the humid can fall 
extremely. 
Synsedimentary dolomite forms small volumes of micritic in incompletely lithified 
supratidal, peritidal and saline sediments, forming as thin (<1-2 m thick) patchy stratiform 
beds in many evaporitic tidal flats (sabkha), which in this form, it from on the southern and 
western margin of the Arabian Gulf. Small micritic dolomite is common in modern 
intertidal/supratidal sabkha sediments, but also occur in subtidal sediments of the Arabian 
Gulf (Illing and Hobson, 1981; Mackenzie, 1981; Wenk et al., 1993; Warren, 2000). The 
dolomite forms 1-5µm euhedral crystals abundantly in orogenic muds on the landward 
margins on sabkhas bordering the Qatar Peninsula (Illing and Tylor, 1993; Warren, 2000). 
TEM study has indicated that much of the dolomite in the Abu Dhabi is actually a pore 
precipitate and not a replacement of precursor aragonite (Wenk et al, 1993; Warren, 2000). 
Sabkha dolomites are generally non-stoichiometric and show heavy δ18O values, high Sr 
contents, low Fe and Mn contents, and 
87
Sr/
86
Sr ratios comparable to values of seawater at the 
time of deposition. The sabkha dolomite should also contain single-phase fluid inclusions 
with high salinity values (Moore, 1989). 
 Seawater/Kohout Model (ii)
The Kohout model (Figure 3.1) proposes that the potential of the dolomitization process 
depends on the SO4
2-
 concentration to be lowered in unmodified seawater, which was the 
basis of work done by Saller (1984), Carballo et al., (1987), and Mitchell et al (1987). Many 
of dolomites associated with the formation in mixing zones are being interpreted to have 
formed by tidal pumping of large volumes of seawater into sediments, which has been termed 
‘Kohout convection’ (Land 1986). Suggestions made by Baker and Kastner (1981) was that 
sulphate ions in seawater inhibit or retard dolomitization, however, is still questionable from 
other authors whether sulphate concentrations actually have to be decreased before 
dolomitization can proceed, or even if it plays a role in dolomitization process at all. The 
seawater model involves the seawater uses, which experiences geothermal circulation to 
supply the magnesium required for dolomitization. Dolomite bodies formed from seawater 
model are not associated with evaporates but commonly have mudstones, wackestone or 
shale seal. These dolomite have similar textural characteristics as the marine/meteoric mixing 
zone dolomites, however, they show an 
87
Sr/
86
Sr ratios similar to seawater compositions at 
the time of formation and fluid inclusions salinities of roughly 3.5-wt% NaCl equivalent 
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(Allan and Wiggins, 1993). 
 
Figure 3. 7. Coastal and submarine dolomite models in which the seawater in unmodified 
seawater (After Warren, 2000). 
 Shallow-subtidal Model (iii)
The shallow-subtidal model is used to explain large-scale replacive dolomites that do not 
show any association with evaporates. This model was used to explain the dolomitization of 
shallow carbonate platform sediments in Israel (Sass and Katz, 1982). Sass and Katz (1982) 
identified three textures that indicate subtidal deposition, and these textures are: 1) laminated-
dense mudstones; 2) heterogeneous fabric-destructive mosaics with burrow, skeletal ghosts, 
angular dolomicrite clasts, and moidic porosity; and, 3) homogeneous fine-crystalline 
dolomites. The dolomite crystal sizes range from 1 to 100 µm. Sass and Katz (1982) argued 
that the subtidal dolomites formed penecontemporaneously at or near the sediment-water 
interface under subtidal conditions. Other argued that the dolomites were secondary 
replacement phases because of the presence of dolomitized fossils, the excellent lateral 
petrographic consistency of the dolomites, the occurrence of earlier dolomitized micrite 
clasts, and numerous geochemical criteria (Machel and Mountjoy, 1986). Geochemical data 
from trace element and isotopes suggested three-times seawater salinities values.  Fluid flow 
was suggested to be facilitated by wind and wave action or by gravity-driven convection 
within the upper few centimetres of sediment (Simms, 1984). All the dolomites governed by 
the shallow-subtidal model should show largely non-stoichiometric chemistry (Lumsden and 
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Chimahusky, 1980). 
 Meteoric-Marine Mixing Model (iv)
Hanshaw et al. (1971) were first to propose the meteoric-marine mixing model indicating that 
dolomitization in large scale can be achieved through the active circulation and mixing of 
fresh groundwater with marine water. The model is best known as the ‘Dorag’ model and 
Badiozamani (1973) studied it. The basic assumption of the model is that the mixing of 
groundwater and the seawater can result in a solution that would be undersaturated with 
respect to calcite and saturated with respect to dolomite. The seawater becomes diluted by the 
fresh groundwater resulting in lowering the concentration of sulphate, thus favouring slow 
precipitation of dolomite (Morrow, 1990). The seawater is rich in magnesium hence it will 
supply the magnesium ion, while the groundwater supplies the high concentrations of CO3
2-
.  
Badiozamani (1973) based his model on the thermodynamic argument that there is a strong 
dependence on mineral saturation, temperature, pCO2, pH, and initial meteoric water 
composition. However, conditions of 5-30% mixture of seawater to freshwater need to be met 
for the dolomite precipitation to occur (Badiozamani, 1973). However, conditions will result 
in well-ordered dolomite precipitates, therefore, Hardie (1987) pointed out that the disordered 
dolomites are commonly precipitated in natural environments. Therefore, using the solubility 
of disordered dolomite, Hardie (1987) determined that dolomite saturation could only be 
achieved at 30-40% seawater and groundwater mixing. Tucker and Wright (1990) criticized 
Badiozamani’s model that it does not have any modern analogues. Ancient examples of thick 
dolomite sequences forming regressive dolomite wedges that suggest seaward propagation 
may have been very slow in ancient times (Morrow, 1990).  
The difference between ancient and modern dolomites is that in modern mixing zones, the 
dolomite is present primarily as a cement and not a replacement phase. Pleistocene may have 
not favoured the steady-state mixing zones required for dolomitization due to rapid changes 
in sea level. Dolomite formed in the mixing zones characterized by the absence of evaporates 
and the presence of meteoric diagenetic fabric such as moldic porosity and meteoric phreatic 
cement (Morrow, 1990; Warren, 2000). Dolomite cement is usually transparent and 
inclusion-free and the crystal sizes are usually < 100 µm (Humphrey, 1989), whereas the 
replacement dolomite has a crystal size of < 20 µm. The mixing zones dolomites have a low 
concentration of Sr and Na and have an enriched 
87
Sr/
86
Sr ratio because of the incorporation 
of radiogenic 
87
Sr dissolved in meteoric water that passed through siliciclastic sediments. Due 
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to meteoric influence, the mixing zones dolomites should show covariance between their 
δ18O and δ13C values (Allan and Matthews, 1982). Since mixing is involved one should 
expect salinities less than that would expect for normal marine seawater. 
 Organogenic/ Methanogenic dolomite in marine sediments. (v)
Organogenic (formed directly from the organic matter) dolomite distinguished from another 
type of sedimentary dolomites by having a significant portion of its carbon derived from 
degradation of organic matter as well as the dissolution of biogenic calcite (Spotts and 
Silverman, 1966; Hicks et al., 1996). The increase in carbonate alkalinity in pore waters due 
to or associated with the bacterial degradation of organic matter may lead to high 
supersaturation of diagenetic carbonate minerals. The supply of Mg and Ca by diffusion from 
overlying seawater required for dolomite precipitation. However, the diffusion of Ca from 
overlying seawater is limited by the significant lower seawater concentration of Ca compared 
to Mg. Therefore, the presence of carbonate precursor provides an additional source of Ca 
and carbonate ions to enhance dolomitization (Barker and Burns, 1985; Compton and Siever, 
1986; Compton, 1988b; Hicks et al., 1996). Low sulphate levels found in marine pore fluids 
that have undergone a microbial reduction in organic-rich sediments, may create a suitable 
environment for dolomite precipitation. High levels of sulphate inhibit the dolomite 
formation like in the normal seawater. The reaction may be expressed as: 
2CH2O (organic matter) + SO4
2-
  H2S + 2HCO3
- 
The significant role played by sulphate in inhibiting or encouraging the dolomitization 
process is still debatable. Authors such as Eugster and Hardie, (1978), Hardie, (1987), Land 
(1987), their conclusions are uncertain by other dolomite workers who have argued that the 
presence of sulphate encourages dolomitization. Hardie (1987) suggested that the 
precipitation of dolomite in areas of sulphate removal may be related to the local enrichment 
in HCO3ˉ (alkalinity) rather than the dissolved sulphate acting as an inhibitor to precipitation. 
Underlying the sulphate reduction zone is the zone of methanogenesis, these two zones may 
be of significant importance for the formation of organogenic dolomite. The influence of 
bacteria in generating sulphate-depleted microenvironments, which are conducive to dolomite 
precipitation, may be also a significant factor. Dolomite precipitating in sulphate reduction 
zone shows negative δ13C values of roughly -20‰, while the one formed slightly deeper in 
the zone of methane oxidation have even more depleted negative δ13C signatures as low as -
70‰ (Warren, 2000). Somehow the dolomites forming deeper in the CO2 reduction and 
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methanogenesis indicate more positive values, but these values tend toward isotopically 
lighter carbon at greater depths. The formation of dolomite also depends on the sedimentation 
rates. When the sedimentation rate is low, dolomites may form in or just below the zone of 
sulphate reduction and have negative δ13C values and when the sedimentation rate is high, 
dolomites will form within the zone of methanogenesis with positive δ13C values (Malone et 
al., 1994). 
 
Figure 3. 8. Schematic diagram of microbial dolomite formation in Lagoa Vermelha 
(Vasconcelos and Mackenzie, 1997). The dolomite formation here is largely 
controlled by the degradation of organic matter in the methanogenesis stage. 
 Burial Compaction Model (vi)
An increase in temperature due to an increase in depth favours dolomitization by removing 
the kinetic barriers that inhibit dolomitization and by increasing the Mg/Ca ratio. The burial 
compaction model explains late-stage persistent dolomitization in the subsurface during deep 
burial. In this model, a major requirement for the dolomitization is the supply and transport of 
magnesium ions to the vicinity of dolomitization. The common fluids which source the 
magnesium ions are: 1) Mg-rich residual evaporitic brines; 2) modified seawater; and, 3) 
shale compaction waters (Allan and Wiggins, 1993). Transportation of the aforementioned 
fluid occurs when there is compaction of fine-grained sediments and the associated expulsion 
of interstitial conned waters to areas of lower pressure. However, such requirements of deep 
burial environments pose a problem in the supply of magnesium ions. Assuming that the 
compaction water passes through carbonates, therefore, roughly 32 cm
2
 of shale must be 
compacted from 70% down to ~2% porosity to obtain the required quantity of magnesium 
(Morrow, 1990). With increasing burial, a second problem results because it becomes more 
and more difficult for the fluid to transport the necessary magnesium ions to the site of 
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dolomitization because of decreasing permeability with progressive burial. However, vertical 
fluid flow may be increased along faults and fractures and lateral flow concentrated along 
porous limestone horizons. Nevertheless, without a significant source of Mg ions, burial 
compaction does not appear to be a reliable model to explain large-scale, regionally 
extensive, pervasive dolomitization, but it may be applied to local dolomitization. 
 Tectonic/Hydrothermal Model (vii)
The model is governed by the expulsion of hot saline fluids. As the basinal water becomes 
heated during hydrothermal circulation their buoyancy increases and they rise upwards and 
outwards along the bedding, faults or other permeability paths, which may result in 
dolomitization. (Warren, 2000). The tectonic model is a variation of the burial model in that it 
occurs at depth (Aulstead and Spencer, 1985). Either subsurface fluid flow may move 
laterally or cross-formationally, the Rayleigh number (the ratio of buoyant to viscous forces) 
governs producing dolomite bodies of many shapes and sizes and the shape of these flow 
paths. For high Rayleigh numbers, buoyant forces are stronger, and the rising fluid forms a 
concentrated, dominantly vertical, plumes and narrow linear dolomite bodies (Allan and 
Wiggins, 1993). Whereas lateral fluid flow along faults and fractures produces thick tabular 
dolomite bodies.  
This model can be used to explain either regionally extensive dolomites such as the 
Presquˈile Barrier, Northwest Territories (NWT), Canada (Qing and Mountjoy, 1994), or 
locally dolomitized areas such as the Albion-Scipio and Colchester Fields of the Michigan 
Basin (Coniglio et al., 1994). Large-scale fluid flow during burial is produced by compaction 
due to burial or compression resulting in a lateral and upward flow. Alternatively by 
hydrodynamic head differences and elevated density of hypersaline brines, resulting in the 
downward and lateral flow. Dolomite formation falls into two tectonic models: 1) 
tectonically-driven fluid flow; and 2) topography-driven fluid flow. Hydrothermal models are 
generally used to explain: 1) Mississippi Valley-Type (MVT); and, 2) abnormally high fluid 
inclusion temperatures in subsurface confined aquifers saddle dolomite. 
Garven and Freeze (1984) proposed the topography-driven fluid-flow dolomitization 
mechanism. Topography fluid flow formed during and following orogenic events, where 
uplifted zones provide a method of recharging fluids, which can attain great depth in the 
basin. The basic principle behind the hydrothermal model is that fluids are expelled from the 
orogen into the foreland basin during the collision of continental masses in an orogenic event. 
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The orogen results in deposition of sediments along the margin and the sediments are initially 
porous and full of seawater and become progressively buried under thrust sheets (Oliver, 
1986). With an increase in the sediments burial, some of the fluids in the pores are being 
expelled towards the direction of tectonic compression into the basin. As these hot fluids mix 
with basinal fluids, they cool and deposit minerals and hydrocarbons.  
Hydrocarbon emplacement and hydrothermal dolomitization are through to occur in similar 
environments to MVT deposits where galena, sphalerite and pyrite are precipitated. The 
Dolomites associated with tectonic processes are commonly medium to coarse crystalline 
with crystal sizes ranging from 150µm to 2mm, are anhedral and subhedral and have white to 
grey colour. Isotopically they are have depleted δ18O values and contains two-phase aqueous 
fluid inclusions that have high salinities and homogenization temperatures of >50
o
C. The 
87
Sr/
86
Sr isotope ratios are of the incorporation of radiogenic 
87
Sr dissolved in meteoric water 
that indicates that the fluids passed through siliciclastic sediments or basement rocks. Many 
of tectonic/hydrothermal dolomites are characterized by a high concentration of Fe and Mn 
and, therefore, display dull red luminescence when examined under cathodoluminescence 
(Allan and Wiggins, 1993). 
30 
 
 
Figure 3. 9. Various dolomitization models aforementioned (from Warren, 2000). 
 Diagenetic framework 2.2.2
Formation of dolomite varies making it unusual and not simple mineral; it can form as a 
primary precipitate, diagenetic replacements, or as a hydrothermal/metamorphic phase 
(Warren, 2000). Dolomite complexity is due to different environments of formation (see 2.2.1 
above), because it can form in early to late burial settings, in lakes, in zones of brine reflux, 
and on or beneath the shallow seafloor (Land, 1985; Hardie, 1987; Warren, 2000). 
Diagenetic dolomite is the second most abundant carbonate mineral found in most 
sedimentary basins but commonly in continental margin sequences with high organic-rich 
content (> 0.5 wt% organic carbon) (Baker and Burns, 1885; Hicks et al., 1996). Depending 
on the availability of Mg, Ca, Fe, and Mn, other carbonate minerals such as calcite, siderite, 
and rhodochrosite may also form (Hein and Koski, 1987; Hicks et al., 1996). Therefore, there 
are different types of carbonate formations driven by environmental factors such as 
sedimentation rates, organic matter content and degradation, water type and others. For 
example, methane-derived carbonate cement is common in rapidly deposited, organic-rich 
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sediments where methane seeps migrate to the sediment/seawater interface (Iverson and 
Jørgensen, 1985; Hovland et al., 1987; Paull et al., 1992; Hicks et al., 1996). Dolomite can be 
authigenic (form in place) or can be detrital precipitation (Hicks et al., 1996) moreover; 
dolomites layers frequently interbedded with evaporating levels, containing gypsum, halite 
and other soluble halides. Early diagenetic precipitation of other carbonate minerals required 
distinct geochemical environments, such as the precipitation of siderites, which occur in two 
distinct environments: the slightly reducing conditions of the suboxic zone, and the strongly 
reducing conditions of the methanogenesis zone. Suboxic conditions are favoured in marine 
environments that have relatively low concentration of organic matter, slow sedimentation 
rates (Berner, 1981; Coleman, 1985), and an Eh too high to allow bacterial sulphate reduction 
and pyrite formation (Maynard, 1982; Hicks et al., 1996). 
Bacterial sulphate reduction may aid the process of precipitation of dolomite whereby 
microbial action may control primary precipitation in some hypersaline anoxic lake settings 
(Warren, 2000). However, these are conceptual models for dolomite formation, as there still 
an ongoing debate. Dolomite carbonates are still not understood even though about 80% of 
the oil and gas reservoirs in places such as North America are in dolomite and up to 50% of 
the world’s carbonate reservoirs are dolomites (Zenger et al., 1980). In addition, as are many 
skarn ore bodies hosting economic accumulations such as Pb and Zn (Warren, 2000). 
Numerous laboratory experiments have been performed and finding to be near impossible to 
precipitate dolomite in the laboratory at earth surface temperature, without the aid of bacterial 
mediation. Even though dolomite is common in ancient platform carbonates, it is rare in 
Holocene sediments. Land (1985) and Hardie, (1987) argued that the widespread of dolomite 
formation is in association with hypersaline brines, others suggest schizohaline waters, or that 
the time required to form large volumes of dolomite means that the process must be 
predominantly subsurface and perhaps tied to the long term circulation of seawater through 
platform sediments. Most modern dolomite occurrences are penecontemporaneous, patchy 
and micritic (Land, 1985; Hardie, 1987). The crystal lattice of an ideal dolomite mineral 
consists of alternating layers of Ca and Mg, separated by layers of CO3 and is typically 
represented by the stoichiometric chemical composition of CaMg(CO3)2 where calcium and 
magnesium are present in equal proportions (Land, 1985; Hardie, 1987; Warren, 1989). The 
ancient carbonate rocks are mostly composed of calcite and/or dolomite and with other 
carbonate phases; usually dominated by terrigenous components or evaporates. The 
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mineralogical basics used to classify the difference in carbonates rocks rely on the content 
between calcite and the dolomite mineral when carbonate is dominated by dolomite (the 
mineral), it is called dolomite (the rock)/dolostone and when calcite dominates is called 
limestone (Warren, 1989, 1991).  
Carbonates rocks tend to be composed either mostly dolomite or of calcite, mixtures of 
calcite and dolomite in a carbonate rock is unusual. Bimodal distribution in the percentage of 
dolomite in carbonate rocks found by Sperber et al (1984), interpreted on mineralogical 
modes where 97% (dolomite/dolostone) and at 20% (dolomitic limestones) is observed. 
Sperber et al (1984) went on to suggest that dolomitic limestones, which tend to contain 
rhombs of calcian dolomite, originate in relatively closed diagenetic systems whereby high-
calcite was deposited and then dissolved to re-precipitate within the same rock as calcite and 
dolomite. Pure dolomites tend to form in open systems characterized by greater volumes of 
fluid throughout and continuing dissolution-precipitation. Diagenesis of calcite carbonate can 
undergo a process by which magnesium ion replace calcium ions in calcite resulting in 
dolomite formation. Dolomitization involves a substantial amount of recrystallization. 
 Systematic trace element enrichment. 2.2.3
During the trace element incorporation processes, trace elements from the carbonates are 
mixed with those from the fluids and are then repartitioned during recrystallized mineral 
precipitation and stabilization (Veizer, 1983). Trace elements can be incorporated into 
carbonate minerals in the following ways (Zemann, 1969; Morse and Mackenzie, 1990). 
1) substitution for Ca in the CaCO3 structures; 
2) interstitial substitution between structural planes; 
3) substitution at defect sites within the structures; 
4) adsorption by remnant ionic charges; and  
5) Present in non-carbonate inclusions. 
The most important process of trace element incorporation is a substitution for Ca in the 
CaCO3 structures as aforementioned. However, in dolomite, trace elements can be 
incorporated into Ca and/or Mg structural positions. Tucker and Wright (1990) described that 
the incorporation of trace elements into carbonate minerals is controlled by: 
1) The concentration of trace elements in the fluid; 
2) The water/rock ratio of the diagenetic system; and, 
3) The distribution coefficient D, of the trace elements for a particular mineral-fluid 
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system. 
The amount that D deviates from unity determines if the trace element will be concentrated in 
the fluid or the mineral phase and by what magnitude. When D >1, the ratio of trace elements 
to Ca or (Mg + Ca), being incorporated into calcite or dolomite is greater than that of the 
fluid. Moreover, when D < 1, then the trace element is discriminated against and the 
concentration of the trace element is less than expected (Tucker and Wright, 1990; Veizer, 
1983). The distribution coefficient is described as: 
DM = [(M/Ca) solid] / [(M/Ca) seawater/fluid]  
D = distribution coefficient, M = trace elements and Ca = calcium concentration. 
This equation is valid only at complete equilibrium where solid and water do not display the 
concentration gradient in trace elements during precipitation (Veizer 1983). This is the case 
for most open diagenetic systems. Distribution of coefficient for dolomite is poorly 
constrained because of the inability to synthesize the mineral at surface pressure and 
temperature. However, calcite and dolomite are hexagonal minerals with smaller spaces 
between the cations, thus element partitioning depends on their ionic radius (Kretz, 1982). 
Kretz (1982) further suggested that there are different distribution coefficients for a single 
element that is able to substitute for both Ca and Mg structural sites. For instance, Mn can 
substitute into both positions, and Wildermann (1970) found that it preferred the Mg site, 
especially at higher temperatures.  Therefore a general rule is that ions with radii larger than 
that of Ca (>1.08 Å) are almost completely excluded from the Mg site, conversely for Mg 
(<0.08 Å) (Jacobson and Usdowski, 1976; Kretz, 1982). This concludes that trace elements 
with a smaller radius such as Fe, Mn, and Cu are preferentially incorporated into the 
hexagonal minerals through Mg-site and have D >1, whereas Sr and Na have a larger radius 
and are preferentially incorporated into the hexagonal mineral through the Ca-site and have D 
< 1.   
 Calcium and Magnesium (i)
Calcium and magnesium were measured to determine the stoichiometry of the different types 
of dolomites. Fluids with abundant magnesium ion should precipitate near-stoichiometric 
dolomite (Tucker and Wright, 1990), thus low Mg/Ca ratio of the precipitating fluids reflect 
enrichment in calcium within the dolomite (Morrow, 1990). Lumsden and Chimahusky 
(1980) identified three broad groups of dolomites associated with stoichiometry, texture and 
association with evaporates: (1) coarse crystalline, sucrose dolomite that is near 
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stoichiometric (i.e., 50-51 mol% CaCO3); (2) fine crystalline dolomites that are not 
associated with evaporates, are generally calcium-rich (i.e., 54-56 mol% CaCO3); and (3) 
fine-grained dolomites associated with evaporates, are nearly stoichiometric (i.e., 51-52 
mol% CaCO3).  Older dolomites are suggested to be more stoichiometric compared to recent 
dolomites because non-stoichiometric dolomite will tend to equilibrate with time (Lumsden 
and Chimahusky, 1980).  
 Iron and Manganese (ii)
Iron and Manganese have similar characteristics in solution and similar distribution 
coefficient (D>1) in carbonates and their distribution is particularly sensitive to change in Eh-
pH fluid conditions (Lonnee, 1999). Fe
2+
 and Mn
2+
 are more commonly in oxidized form 
when the oxidizing fluids have positive Eh and they are ready to be incorporated into 
carbonates structures (Tucker and Wright, 1990). However, as Eh decreases, Mn
2+
 is 
preferred for incorporation because is slightly more soluble than Fe
2+
 in a wide range of Eh 
conditions (Harns et al., 1985). However, under completely reducing conditions, both ions 
become incorporated into calcite and dolomite (Tucker and Wright, 1990). 
 Strontium  (iii)
The distribution coefficient of strontium in dolomite and calcite is problematic because may 
be controlled by precipitation rates (Lorens 1981). At a low precipitation rate, the distribution 
coefficient is approximately 0.045 and to 0.12 at high precipitation rates (Morse and 
Mackenzie, 1990). Banner and Hanson (19900 estimated the average distribution coefficient 
to lie between 0.015 and 0.025 in stoichiometric dolomite. Regardless of the conflicts in 
numbers, it is clear that Sr has a distribution coefficient <1 and, therefore should be 
preferentially concentrated in the fluid phase.  
 Sodium  (iv)
The location of sodium in dolomite structure is controversial, even the distribution coefficient 
is poorly known, however, the distribution coefficient value of 0.00002 has been assigned for 
calcite and dolomite (White, 1978). Oftenly Na in dolomite occurs as an elemental 
substitution for Ca in dolomite structure because Na and Ca have similar ionic radii of 1.02 Å 
and 1.00 Å, respectively in six-fold coordination (Shannon and Prewitt, 1969).  
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CHAPTER 3. GEOLOGICAL SETTING OF THE KAROO BASIN 
ASSEMBLAGE 
The Karoo Basin is the largest sedimentary basin of South Africa, occupying an area of 700, 
000 km
2
 (Fig. 2.1). This chapter describes the geodynamics and the depositional framework 
of the Karoo Basin to understand the existence of black shales and carbonate concretions. 
This includes the Gondwana and Pangaea history, the Cape Fold Belt and Drakensberg. 
Thereafter, the chronostratigraphy of the lower Permian Ecca Group is described in detail.  
 
Figure 2. 1 Geological map of the Karoo Supergroup (shapefiles from the Council for 
Geoscience). 
4.1  Geodynamics  
Around 600 Ma continental fragments collided to form the Gondwana Supercontinent, 
comprised of Africa, Australia, South America, Madagascar, India and Antarctica (Figure 
2.2). The tectonism that resulted in the formation of Gondwana was suturing of Pan-African – 
Brasiliano orogenic belts of western Gondwana; and by the collision of eastern Gondwana 
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along the Mozambique Belt (Tankard et al., 2012). During the era, southern Africa was 
located between the southern tip of South America, the Falkland Plateau and Antarctica 
(Faure and Cole, 1999; McCarthy and Rubidge, 2005; Johnson et al., 2006). The Gondwana 
Supercontinent thereafter experienced the different and unique combination of tectonic 
stresses sourced from the divergent and convergent margins (Wopfner, 1990) which resulted 
in the formation of different types of basin across Africa termed “Karoo” in southern Africa 
(Catuneanu et al., 2005).  
 
Figure 2. 2 Paleogeographic maps illustrating the creation of Karoo Basin (MKB) during the 
Early Permian as a part of a series of interconnected marine basins (Modified Faure 
and Cole, 1999). 
The schematic diagram in Fig 2.3 summarises the geodynamics of the Karoo Basin from 
~400 Ma to 182 Ma. During the Carboniferous, Gondwana drifted across the south pole 
resulting in the Dwyka glaciation. At about the same time Gondwana collided with the 
northern hemisphere continents of Laurasia, to form the relatively short-lived Pangaea 
Supercontinent (McCarthy and Rubidge, 2005; Houseman, 2008). At about the same time the 
ice cover of the Dwyka glaciation melted and lead to deposition of diamictites and mudstones 
of the Dwyka Group (Fig 2.3 (2)).   
4.2 Karoo Sedimentary Record 
The Dwyka glaciation is Carboniferous in age and marks the base of the Karoo Supergroup. 
During the deglaciation, the material was eroded from the Cargonian Highlands and 
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deposited by floating ice, which rained out debris to the sea floor (Visser, 1986 and 1989; 
Johnson et al., 2006). At the end of the Dwyka ice age, a change to a subpolar climate led to 
the melting of the ice sheet (Visser, 1983). The Karoo Sea became larger and a large inland 
sea developed probably connected to the ocean (McCarthy and Rubidge, 2005). 
 
Figure 2. 3 Sketch diagram of the geodynamics of the Karoo Basin from ~500 Ma to 182 Ma. 
(A) ~500 Ma the Cape Supergroup sedimentation began; (B) 350 -300 Ma Dwyka 
Group sedimentation; at about the same time Pangea Supercontinent was formed; (C) 
~280 Ma deposition of Lower Ecca Formation (Prince Albert and Whitehill 
38 
 
 
Formation); at about the same time possible onset of CFB and the break-up of 
Pangea; (D) 252-182 Ma deposition of Beaufort and Stormberg Group, basaltic 
eruption of Stormberg lavas and intrusion of co-magmatic Karoo dolerites, end of 
Karoo sedimentation and break-up of Gondwana. 
During the Late Carboniferous and Early Permian, deglaciation led to deposition of two 
sequences of black shale (Prince Albert and Whitehill Formations) in the Karoo Basin (Fig 
2.3 (B)), dated between 290 ±5 Ma and 275±5 Ma with U-Pb geochronology on magmatic 
zircons (Viljoen, 1994; Bangert et al., 1999; Werner, 2006). During these times, the tectonic 
regimes around Gondwana changed from the processes of subduction and accretion to 
mountain building along its paleo-Pacific (Panthalassan) margin (Johnson et al., 1996). The 
processes led to the formation of a ~6000 km long Pan-Gondwanean fold-thrust belt, a 
portion of which is now preserved as the Cape Fold Belt (CFB) (Johnson et al., 1996; Bordy 
and Catuneanu, 2001). The CFB is the Permian-Triassic belt in South Africa and Du Toit 
(1937) linked this belt to the La Sievade la Ventia Fold Belt in Argentina through Antarctica 
and to Australia as the Samfrau Orogeny, which is today referred to as the Gondwanide Belt.  
The CFB extends E-W across the southern tip of Africa with associated depocenters 
occurring in southern Africa. The deformation impacted the Precambrian basement, Cape 
Granites and Ordovician to Permian sedimentary rocks of the Cape and Karoo Supergroups 
(Johnston, 2000). At around 250 Ma, the Dwyka sea eventually shrank to a lake, signalling 
the change from Ecca to Beaufort Groups (Rignot et al., 2011; Linol and de Wit, 2016). The 
southern rivers, meandering into the Karoo Lake depositing silts were choked with sediment, 
became braided rivers, and deposited sand (McCarthy and Rubidge, 2005). At about 252 Ma, 
the end of Permian to the beginning of Triassic periods the earth experience the great dying 
known as Permian extinction, which wiped out 96% of life. The braided rivers reverted to a 
meandering form probably due to vegetation recovery (McCarthy and Rubidge, 2005). 
During these times, the climate became increasingly warm and arid; and a Middle Triassic 
hiatus was followed (Turner, 1975). The deposition in the Late Triassic was predominantly 
by bedload-dominated fluvial wedge flowing across extensive braid plains making up the 
Molteno Formation (Turner, 1975). The Molteno Formation comprises a succession of 
fining-upward sequences comprising sandstone and thin mudrock intercalations. Coal seams 
are occasionally present (Johnson et al., 2006). Bed-load fluvial deposits overlie the Molteno 
deposits. Vertebrate (mainly dinosaur) remains are common within these formations (Johnson 
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et al., 2006) and sedimentation ended during the Late Triassic to Early Jurassic times with 
intrusions of a complex network of dolerite dykes and eruption of flood basalts across the 
entire Karoo Basin (Fig 2.3 (4)). This basaltic lava of Drakensberg Group and is dated at 183- 
182 Ma. The lava covered the whole of Karoo sedimentation forming large igneous province 
in southern Africa respectively. The activity of the Karoo LIP began at the northern margin of 
the province in the Stomberg area and to those of the Drakensberg escarpment or the Lesotho 
plateau (Cox and Hornung, 1966). The igneous bodies associated with the Karoo deposition 
includes the basalts and the dolerite dykes as shown by Fig 2.4. These networks of dolerites 
intruded into the sediments of the Karoo Basin including the black shales. As a result, contact 
metamorphism has affected the host rock shales adjacent to the intrusions (Aarnes et al., 
2010; Moocroft and Tonnelier, 2016). Consequently, the elevated temperature in the thermal 
aureole may or may have not favoured the organic maturation in producing hydrocarbons 
and/or even destroying the existing hydrocarbon reservoirs.  
 
Figure 2. 4 Simplified stratigraphies of the Cape-Karoo Basin showing the framework of the 
Karoo Supergroup capped by the basaltic rocks the Drakensberg Group (Linol and de 
Wit, 2016). 
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4.3  Lithostratigraphy of Lower Permian Ecca Group 
The Lower Ecca Group is the focus of this thesis because it hosts black shales and carbonate 
concretions. The Lower Ecca Group comprises Prince Albert, Whitehill and Collingham, 
Formations described in detail below (Figure 2.4).  
 Prince Albert Formation 4.3.1
The Prince Albert Formation conformably overlies the Dwyka Group (Figure 2.4) and 
records a rapid glacial retreat (Visser, 1991). It is mostly confined to the western margin of 
the basin and thins towards the northeast where it merges into the Vryheid and 
Pietermaritzburg Formations (Kingsley, 1977). Deposition of this unit was influenced by 
turbidity currents and grain flows into a marine/lacustrine environment (Smith et al., 1993). 
Dating of juvenile magmatic zircons from tuff beds near the base of the formation yields U-
Pb dates of 289.6±3 Ma and 288±3 Ma (Bangert et al., 1999; Belica et al., 2017).  
The Prince Albert Formation is thicker in the Western Cape, with a thickness of 225-320 m, 
and normally decreases to the centre of the basin with a thickness of 50-165 m (Cole, 2005; 
Schulz et al., 2018). Two possible facies are recognised in the formation, these are northern 
and southern facies. The northern facies (the base) are characterised by a transition to the 
underlying glacial deposits with greyish to olive-green micaceous shale and grey silty shale 
(Johnson et al., 2006). Brownish calcareous concretions and irregular carbonate bodies are 
present in both the sandstones and the mudrocks. In some areas, a tillite bed lies on top of 
mudrock. (Johnson et al., 2006). By contrast, the southern facies are mostly characterised by 
dark-grey, pyrite-bearing, splintery shale and the presence of dark-coloured chert and 
phosphatic concretions and lenses (up to 20 cm thick and few metres long) (Johnson et al., 
2006). Olive-grey and laminated silty shale constitute the formation and weather yellow-grey 
due to pyrite. These formation present fish fossil, sponge spicules, foraminifera, radiolaria, 
and acritarchs (Johnson et al., 2006). Phosphate concretions also indicate that the formation 
was formed under marine conditions (Wikens, 1994). The carbonate and phosphates lenses 
also support an origin in saline water (e.g. increases in Rb/K and V/Cr ratios) (Smith et al., 
1993; Scheffler, 2006; Geel et al., 2013). 
 Whitehill Formation 4.3.2
The Whitehill Formation (also known as the ‘white band’) conformably overlies the Prince 
Albert Formation and can be distinguished from adjacent units by its conspicuous white 
colour in outcrop (Smith et al., 1993; Scheffler, 2006; Geel et al., 2013). The carbonaceous 
shale weathers white on oxidation, thus forming a white marker. The thickness of the 
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formation varies from 10 to 80 m (Cole and McLachlan, 1991) but is often folded and thrust 
from the Eastern to Western Cape (10 m to 150 m) (Johnson et al., 2006). It comprises a clay 
to silty, very thinly laminated, grey to black mudrock, with dispersed, ferruginous dolomitic 
concretions. Beds are up to 1m thick. Pyritic shale and chert layers occur. The Whitehill 
Formation is correlated to the Irati Shales of South America based on the same species of 
vertebrates suggesting that they represent transcontinental isochronous units. The correlation 
between the two formations is supported from zircon analysis from ash beds in both 
formations; Irati dates ca. 278±3 Ma (Dos Santos et al., 1996) and the Whitehill Formation 
dates between 279-275 (Linol, 2013).  
 
 
Figure 2. 5. Black shales at Steytlerville-Jansenville Area, white weathered with (A) dolomite 
beds and (B) concretions in the lower Ecca formations. 
The black shale of the Whitehill Formation has a Total Organic Carbon (TOC) content of up 
to 14% (Geel et al., 2013) comprised mainly of over-mature kerogen interpreted due to deep 
burial and heating by Karoo dolerite igneous intrusions. The formation forms a high electrical 
conductivity marker compared to the overlying units due to the deposition of fine-grained 
kerogen, solid bitumen occurring at the boundaries between graphite crystals and pyrite 
(Branch et al., 2007; Geel et al., 2013). Remains of plants, paleoniscoid fish and arthropods 
and two swimming species of Mesosaurus are found (Johnson et al., 2006). Most of the 
Whitehill strata were formed by suspension settling of mud in a shallow basin (Cole and 
McLachlan, 1991). However, the depth of the depositional environment is controversial. The 
geochemical and stable isotopic data indicate the water may have had mixed fresh and marine 
origin (Tankard et al., 2012).  The water body suggests enough oxygen to support free-
swimming and benthic fauna in the mudrock implies anoxic conditions below the sediment-
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water interface (Visser and Young, 1991). 
 Collingham Formation 4.3.3
The Collingham Formation overlies the Whitehill Formation and was deposited during the 
Late Permian (Viljoen, 1994; Wilkens, 1994). Above 32
0
 S, the formation is referred to as the 
Tierberg Formation (Viljoen, 1994). The formations outcrop from the coast near the 
Grahamstown in the Eastern Cape to the south of Gansfontein in the Western Cape (Fig 2.7). 
The base of the formation forms a sharp contact with the Whitehill Formation. The first tuff 
layer is a marker for the formation. The formation is 30 to 70 m thick and composes a 
rhythmic alteration of thin, continuous beds (average 5 cm) of hard, dark grey, siliceous 
mudrock (Johnson et al., 2006). Buff weathering siltstone and fine-grained sandstone, yellow 
to greenish claystone occur as thin intercalations with the mudstones (Johnson et al., 2006). 
Dating of the Collingham Formation by magmatic zircon collected from tuffs was found to be 
around 281 ± 2 Ma to 274.2 ± 2 Ma (Fildani et al., 2007). The Collingham Formation is 
subdivided into three members: the Zoute Kloof Member (4-14 m thick), Buffels River 
Member (14-25 m thick), and ~ 40 m thick Wilgehout Member indicating the Matjiesfontein 
Chert Bed (0.15 m to 0.60 m). Lithologies that have been identified within the formation 
include the mudrocks, sandstone and siltstone, K-bentonite (tuff) facies, chert facies, 
ferruginous and phosphorite facies (Black et al., 2015). 
4.4 Metamorphism 
The sediments in the Karoo Basin experienced contact metamorphism due to the network of 
sills and dykes emplacements and metamorphism from the Cape orogeny. Fluid penetration 
into the Ecca black shales may have caused devolitization of organic matter and hydrous 
minerals.  There have been several studies that investigated how multiple sills within organic-
rich strata affect the gas generation potential (e.g Svensen et al., 2004, 2007; Aarnes et al., 
2010; Dickens et al., 1997; Raymond and Murchison, 1988). However, the Karoo Basin 
constitute multiple intrusions with a vertical thickness of between 10 to over 100 m, and 
therefore a high level of temperature was raised over much larger rock volumes. In addition, 
this may have led to enhancement in hydrocarbon generation or even it may have overcooked 
the hydrocarbons. These Jurassic sills and dykes are most extensive and thickest within the 
Ecca Group (Du Toit, 1920; Chevallier and Woodford, 1999). Because of the overall high 
TOC contents in the Ecca Group, these shales represent a potentially significant source of 
methane-rich fluids when heated during contact metamorphism. The mineralogy and TOC 
contents of these three formations differ completely depending on the distance to the aureole. 
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Dark grey shales with occasional layers of poorly cemented volcanic ash occur occasionally 
closer to the intrusion. TOC loss is reflected in the rock colour, which progressively darkens 
from pale grey hornfels. Minerals found to be associated with contact metamorphism 
includes metamorphic muscovite and chlorite that grew within the pores, commonly as 
needles. There are no clay minerals within 2 m from the contact. The Whitehill differ from 
Collingham/Tierberg by containing metamorphic biotite but not metamorphic chlorite. 
Furthermore, metamorphic epidote is part of the mineral matrix, and no restricted to veins as 
in the case of Collingham Formation. 
4.5 Geochemistry of the Karoo Black Shale 
The Main Karoo basin experienced different processes of climatic change including those of 
the glaciation retreat, changes in river systems to arid the environment and extensively 
invaded by sheets and dykes of dolerites. The Late Paleozoic was the major beginning of the 
Karoo basin when ice sheets began to melt and by this time, at the peak of glaciation, the 
South Pole was located in southern Africa. During the Late Paleozoic, the Karoo Basin of 
southern Africa was a part of the Gondwana Supercontinent (Visser, 1993). 
The depositional environments varied geographically in the Karoo basin and ranged from 
marine to lacustrine for the Dwyka to lower Ecca Groups of southern Africa (Herbert & 
Compton, 2007). The shales of Prince Albert in the Main Karoo basin are interpreted as 
marine basins or shelf deposits (Strydom, 1950; Visser, 1991; Herbert & Compton, 2007). 
Isotopic analysis of the northern and southern margins of the basin indicate that the 
depositional environment was due to brackish to freshwater in the lower Ecca Group. With 
the use of palaeontology evidence, the eastern portion of the Main Karoo basin indicates 
fresh water and periglacial environment for upper Dwyka deposits (Fuare & Cole, 1999; 
Herbert & Compton, 2007).  
In the early 1970s, the SOEKOR Company explored South Africa for oil and deep boreholes 
were drilled in the Karoo Basin. Unfortunately, some of the SOEKOR data is unavailable but 
the cores are still available and stored in the Council for Geosciences. A work done by Chere 
et al (2015) was to investigate and evaluate the sedimentological and geochemical parameters 
of the Lower Ecca Group black shales on the deepest boreholes that were drilled by the 
SOEKOR Company in the early 70s. Data produced, represent Prince Albert, Whitehill and 
Tierberg/Collingham Formations because of their organic-rich content and are thought to be 
the potential source rocks. Chere et al. (2015) indicate that the Whitehill Formation, away 
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from the Cape Fold Belt, not intruded by dolerites, has the most potential for shale gas. 
Extensive core logging, petrology and organic geochemistry were used to characterize the 
source rocks. The geochemical parameters used to evaluate the shales were TOC, vitrinite 
reflectance, hydrogen index (HI), oxygen index (OI) values, hydrocarbons (HC), organic 
carbon (OC) ratios, and other relating parameters (Chere et al., 2015). 
The lithology of the Permian black shales of the Main Karoo Basin comprises from the deep 
SOEKOR boreholes indicates 35% quartz, 13% feldspar, 26% illite and 23% dolomite with a 
variable amount of pyrite (Chere et al., 2015). The existence of the high amount of pyrite 
already indicates the sulphur incorporation into the organic matter via partially oxidized 
sulphur species (in the zone of bioturbation and/or where reactive iron oxides are present; 
Luther et al., 1986). The Permian black shales reveal the occurrence of porous amorphous 
matter with the thermal maturity of >1.1 % Ro, 120 
o
C within the gas generation. The Main 
Karoo Basin is very different from other petroleum basins, as it possesses high TOC content 
of 7.3 % maximum, which is not consistent with the industry requirements of 2 %. The HI 
≈25 mg HC/g and OI≈26 mg CO2/g (Chere et al., 2015) values are very low which 
correspond with Type IV Kerogen and this indicates over-maturity of Permian black shales 
(Geel et al., 2014; Chere et al., 2015).  
Open pyrolysis (Gas Chromatography) as a based artificial maturations experiments was 
performed on Permian black shales (Geel et al., 2014; Chere et al., 2015) and it clearly 
showed that the main chemical compound of the organic matter to be m-p-xylene which 
indicates the mixing of Type III, Type I/II and Type IV Kerogen. According to the 
hydrocarbon generation theory (Wang et al., 2014), Kerogens of Type I, II, (II-S) and III, 
exhibit diagenetic levels corresponding to the begging of the oil windows and Type IV 
exhibit over-maturity and probably dry late gas generation. The observed methane production 
in compositional Rock-Eval type pyrolysis in the Lower Ecca Group is consistent with dry 
gas production but Whitehill Formation possesses the greater potential of dry gas compared 
to other formations (Chere et al., 2015; Geel et al., 2014).  
The highest yields of free and desorbed methane gas (S1 and nC1 peaks), were emitted within 
the Whitehill Formation. Prince Albert Formation exhibits poor potential for gas production 
but also consistent with dry gas production low HI and high Tmax values. 
Tierberg/Collingham Formation possesses very low S1 values (maximum of 0.3 mg HC/g 
rock) and S2 values (0.4 mg HC/g rock) which reflect extremely low free hydrocarbons and 
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artificially matured hydrocarbons (Chere et al., 2015). AEON-ESSRI drilled two; the first 
borehole reached 100m deep whereas the second one was drilled to 295 m deep in the 
Greystone Area near Jansenville area (Geel et al. 2014). Three of the formations in the study 
was intercepted, and the geochemical analysis of the Whitehill Formation proven to be high 
in organic carbon and have average TOC value of 4.5 wt%, whereas the TOC of Prince 
Albert and Collingham Formations is below 1 wt %. The High Tmax (maximum 
temperature0 values, low HI (hydrogen index) values and bitumen reflectance (~ 4% Bro), 
characterise the sediments as overmature (Geel et al. 2014). The paleodepositional 
environment of these was suggested to be deposited under anoxic conditions and have a 
mixed marine and terrestrial of organic matter (Geel et al. 2014).  Geel et al. (2014) 
investigate the porosity of the black shales in the Whitehill Formation and dolomite 
concretions in the vicinity and found that the average meso-and macro-porosity of the black 
shales of the Whitehill Formation is 0.83% confirmed that these sediments are tightly packed. 
Whereas the dolomite overlying these shales has a notable porosity of 2.90%, and SEM 
images of dolomite reveal 1.5 µm wide pores. Geel et al. (2014) concluded that the Whitehill 
Formation have characteristics suggesting that it may potentially be a successful gas 
producing resource, but the residual/exploitable gas is highly dependent on influences of the 
Cape Fold Belt and the intrusion of the Karoo dolerite suite. 
De Kock et al. (2017) investigated three boreholes KZF-01, BH 47 and KWV-01 with an aim 
to assess the shale gas potential and the measurements indicate that there is little to no 
desorbed and residual gas, despite the shale high TOC content. Moreover, the vitrinite 
reflectance and illite crystallinity of unweathered shale material reveal the Ecca Group to be 
metamorphosed and overmature. De Kock et al. (2017) further concluded that the current 
resource estimate of 0.4-11 x 10
9
 m
3
 (13-390 Tcf) are speculative based on black shale 
thickness, area, depth, thermal maturity and, most of all the total organic content of the 
Whitehill Formation. 
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CHAPTER 4. METHODS 
The following chapter details the methods used in (1) the fieldwork, (2) core logging, (3) 
sampling and (40 laboratory analyses.  Each sampling localities is described in detail.  
4.6 Borehole logging and Sampling 
SOEKOR Company drilled deep boreholes in the 1960s in the Karoo Basin and the cores are 
archived in the Council for Geosciences (CGS) core shed, Pretoria. The lower Ecca Group 
formations of three deep boreholes (SP 1/69, QU 1/65 and AB 1/65 (Fig 4.1) were logged, 
described and sampled. Table 1 indicates the borehole localities and the samples names with 
sampling depth and the borehole distribution indicated in Figure 2.1. 
 
Figure 4. 1. Borehole core trays of SP 1/69 and QU 1/65 in core shed in Pretoria 
(22/04/2015). 
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Table 4. 1. Borehole localities and description of samples used for analysis. 
SP 1/69         Eastern Cape 
Location: East London, Springfontein (Igape) Farm 
Coordinates: 32.883 S, 27.883 E 
Sample ID Sample Depth (m) Description 
LT01 3677.1 Tight homogeneous shale, graphitic, pyritic rich.  
LT02 3680.2 Tight homogeneous shale, graphitic, pyritic rich, quartz 
veins 
LT03 3682.6 Tight homogeneous shale, graphitic, rare traces of 
pyrite. 
QU 1/65    Western Cape 
Location: Franserburg, Quaggas Fontein 357 Farm 
Coordinates: 31
0.49’ 35”S, 21026’ 20”. E 
Sample ID Sample Depth (m) Description 
LT04A 1862 Grey siltstone, horizontal lamination, no trace of pyrite, 
next to diamictites. 
LT04B 1843 Black-grey shale, horizontal lamination. 
LT04B 1843 Black-grey shale, horizontal lamination. 
LT05A 1701 Traces of pyrite, black shale, weathers white. 
LT05B 1685 Shows some greyish colour, traces of pyrite, weathers 
white 
LT06A 1667 Highly carbonaceous pyritic shale, pencil cleavage, 
weathers white. 
LT06B 1636 Tightly compacted shale, rich in quartz grains, next to 
sandstone bed. 
AB 1/65        Northern Cape 
Location: Abraham’s Kraal Farm 
Coordinates: 31.37” S, 22.48’ 05” E 
Sample ID Sample Depth 
(m) 
Description 
LT07 2106.8 Contact between the diamictites and homogenous 
siltstones. 
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LT09 1898.3 Black-grey shale, weathers white, pencil cleavage. 
LT10 1770.9 Brown shale, laminated, veins. 
LT11 1659.1 Next to dolerite intrusion, laminated shales, calcite 
veins. 
LTM12 1901.9 Formation of sulphate minerals when interacting with 
water. 
Fifteen samples were taken from the Lower Ecca Group formations of the boreholes (Table 
4.1). The stratified sampling method was adhered to in order to achieve the sub-
representative samples. Therefore, it was important to first distinguish the formations from 
one to another. However, it was difficult in some case to discriminate the formations from 
each other due to weathering especially the contact between Prince Albert and Whitehill 
Formations in QU 1/65 and AB 1/65. Therefore, a systematic random sampling method was 
employed in this case. Samples were collected from the established contacts, at the base, 
middle and top of the formation; other samples were taken from any interesting lithological 
features. 
4.7 Field Work 
An area in Steytlerville-Jansenville Towns in the north-west of Port Elizabeth (Fig 4.2) was 
visited for fieldwork. The fieldwork included a description of lithological and 
sedimentological descriptions and sampling of outcropping carbonate concretions. Four 
stations of non-operational gypsum quarries were chosen for fieldwork (Figure 4.2). The 
concretions occurred as concretions (potato-like shaped) and layered bens (dolomitic lens). 
This area and one sample were collected from SITE 4 named Brakfontein Quarry.  
LT08A 2018.4 Shale, less pyritic, small carbonate concretions. 
LT08B 1998 Pyritic shale, pencil cleavage, carbonate concretions. 
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Figure 4. 2. The Google Earth map of the sampled location in the Jansenville-Klipplaat Area 
in Eastern Cape. 
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Table 4. 2. Sample ID and description of carbonate rocks. 
SITE 1: Mount Stewart Quarry. 
GPS: 32
o
 07
’
 43.0
’’
S, 24
o
 27
’
 09.6
’’
E  Elevation: 688m 
Sample ID Description 
NOD-1A Brecciated material, mudrock, veins 
NOD-1B Highly folded, with layering characteristics 
NOD-2A Brecciated material, quartz veins with well-
developed quartz crystal faces. 
NOD-2B Highly folded, with layering characteristics 
M-SHL White-grey, laminated shale, yellow stains 
between the layers. 
SITE 2: Vaaldraai Quarry 
GPS: 33
O
 10
’
 56.3
’’
S, 24
O
 36
’
 01.5
’’
E Elevation: 649m 
VAAL-A Collected at the bottom of the formation, 
exhibit saddle matrix between two layers of 
mudrock. Brown to greenish in colour. 
VAAL-B Black to brown in colour, no saddle matrix 
VAAL-C Black in colour, have nucleated white 
material (like precipitates) in black mudrock 
matrix. Weathers into the red, and grey 
stains. 
SITE 3. Avondrus Quarry 
GPS: 33
O
 09
’
 21.9
’’
S,  24
O
 43
’
 44.6
’’
E Elevation: 522m 
STP-3 Shows bored erosion, elephant skin texture, 
grey in colour, spherical shaped concretions. 
SITE 4: Brakfontein Quarry 
GPS: 33
o 
10
’
 26.1
’’
S, 24
o
 48
’
 34.7
’’
E            Elevation: 461m 
BRK-A Characterised by elephant skin texture, 
spherically shaped concretions. 
 
Nine samples were collected from the carbonates concretions. From SITE 1 named Mount 
Stewart Quarry, two concretions and the surrounding white weathered shales were sampled. 
The samples were taken from the centre and outer edge of each concretion. SITE 2 named 
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Vaaldraai Quarry Farm, comprised of dolomitic beds and three samples were collected from 
the vicinity.  The bottom of the Formation was determined and the samples were collected 
from the bottom to the top. SITE 3 named Avondrus Quarry, one sample was collected from 
4.8 Sample Preparations 
Samples from the cores and the fieldwork were 26 in total. Each sample was individuated.  
Each part had to meet the required size for each analysis, however, be a sub-representative 
sample of the original sample. Each analysis details how many samples were prepared. 
 
Figure 4. 3. Diagram indicating the distribution of the samples as sub-representative 
samples. 
4.9 Microscopy 
 Petrographic section 4.9.1
Examination of standard and polished thin sections is the mainstay of microscopic 
petrographic analysis. Petrographic analysis of a thin section provides detailed information on 
the texture (e.g. grain size, sorting, and grain contacts), sedimentary structures (e.g. 
laminations, bioturbation), framework grain composition, authigenic minerals, and types and 
distribution of macroporosity of the material under investigation.  Shales and mudstones 
often pose a challenge, as they are generally soft. Thus, preparation of the samples in 
question was performed with special care due to their softness, reactivity and the fact that 
some of the samples are highly weathered. Therefore, various sample-mounting methods 
were applied. 
 Sample preparatory (i)
Seventeen samples (black shales and carbonate concretions) were cut on a plane 
Samples 
microscopy 
SEM 
Staining- 
Thin Section 
Geochemistry 
XRD 
XRF and Laser 
ablation ICPMS 
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perpendicular to a planar fabric and trimmed into blocks using the diamond saw the machine 
at the Department of Geosciences, NMU. Thereafter the blocky samples were cleaned with a 
distilled water and allowed to dry in an oven for 24 hours. The prepared sample block was 
then reduced in size so that it would fit in into the dimension of petrographic frosted slides 
(l). An epoxy resin was prepared by mixing a resin and hardener in a ratio of 2.8gm to 0.6gm, 
respectively. The epoxy resin was thereafter used to keep together the broken pieces of the 
samples by impregnating the sample into the resin.  
The block samples were then glued into ethanol cleaned petrographic frosted slides using 
epoxy resin and thereafter it was allowed to dry in an open atmosphere for 24 hours. To 
achieve the required standard sample thickness of a thin section (i.e. 30 µm), the block 
samples were polished using #240 and #1000 grit, followed sequentially by diamond paste 
grades of 6, 3 and 1 µm. Each polishing stage was performed for 3 minutes; however, time 
was extended until the required size of 30 µm was met. The binocular microscopic 
investigation of the shales and mudrocks that were used during this study were difficult to 
identify some of the properties such as the grain size, mineral assemblage. Scanning Electron 
Microscope (SEM) further examined the samples in detail. 
 Carbonate mineral staining  (ii)
Mineral stains are used as a rapid identification of carbonate minerals since 1887 (Lemberg). 
The technique provides rapid means of recognizing the textural and compositional 
differences in the rock and provides a mean of establishing the identity of the carbonate 
minerals under study. The carbonate staining employed a mixture of Alizarin red S and 
potassium ferricyanide dissolved in a dilute hydrochloric acid solution. Alizarin red S is an 
organic dye that will result in a pink to a red stain on any carbonate that will react with dilute 
HCl acid (Figure 4.4). 
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Figure 4. 4. Thin section and solutions of staining preparation in the laboratory at Geology 
department, Nelson Mandela University. 
The staining process was done by the following procedure set by Dickson (1966) and Evamy 
(1969):  
(A) Potassium ferricyanide solution: 2 grams of potassium ferricyanide was dissolved in 100 
cc of 1.5% HCl and;  
(B) Alizarin red solution: 0.2 gram of alizarin red was dissolved in 100 cc of 1.5% HCl. 
Thereafter, three parts of alizarin red solution and two parts of potassium ferricyanide 
solution were mixed into one solution. The specimen was then soaked in the cold solution for 
3 minutes and after the specimen was carefully washed with distilled water and dried. The 
samples were then analysed using the petrographic microscope. 
  
54 
 
 
 Scanning Electron Microscopy (SEM) 4.9.2
The scanning electron microscopy (SEM) uses a focused high-energy electron beam to 
generate a variety of secondary signals from the targeted area of a solid specimen (Stokes, 
2008). The interaction between the electron beam and surface of the sample produces signals 
that reveal information of the sample including its texture, chemical composition, and its 
crystalline structure as well as its crystallographic orientation. A 2-dimensional image with a 
spatial resolution over the selected area of the surface of the sample can be generated by 
allowing the electron beam to scan on the surface of the sample. Generally, the electron-
sample interaction produces signals that include secondary electrons (that produce SEM 
images), backscattered electrons (BSE). Secondary electrons are used to display the 
morphological and topographical orientation of the samples and backscattered electrons for 
illustrating contrasts in the composition in multiphase samples. 
This study used a JEOL JSM-7001F Scanning Electron Microscopy (SEM) at the Department 
of Physics at Nelson Mandela University (see Figure 4.5b). This field emission SEM has a 
capability of high-resolution imaging, Energy Dispersion Spectroscopy (EDS), Wavelength 
dispersive spectroscopy (WDS) and Energy backscattered diffraction (EBSD). The EDS 
analyses of the samples were conducted with an accelerating voltage of 20 Kv and primary 
electron energy (current) of 30Kv. This analysis was performed at various magnification 
ranging from 20X to approximately 30, 000X with a spatial resolution of 50 to 100 nm. 
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Figure 4. 5. (a) A schematic diagram of the SEM/EDX system (from Becker, 1977), (b) image 
of SEM/EDX from the physics department at Nelson Mandela University. 
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 Sample Preparatory (i)
Eight samples were prepared for SEM. The samples were firstly cut and trimmed into blocks 
of [length 9.5 mm, height 5 mm, and width 5 mm in size]. The prepared blocks were then 
cleaned with distilled water and thereafter dried in an open space. There are two sample-
mounting techniques: hot and cold mounting. During this study, a cold sample mounting was 
used. The specimens were placed in a mounting cup and a mixture of 12.0 g of Aka-Cure 
(hardener), slowly with 100.0 g Aka-Resin was poured in the cup and the specimens were left 
to dry for 24 hours. The prepared specimens were ready for mechanical preparation grinding 
and polishing. Abrasive particles were used in successively finer steps to remove material 
from the surface until the required result is reached. The first step of mechanical, material 
removal is grinding. Paper grindings were used, firstly for plane grinding with P240 
(58.5µm), P360 (40.5 µm) and for fine grinding P600 (25.8 µm), P800 (21.8 µm) and P1200 
(15.3 µm) were used. The specimens were cleaned with deionised water at each paper grid to 
avoid contamination.  
The samples were dried and ready for polishing. Similar to grinding, polishing must remove 
the damage introduced by previous steps and this was achieved with steps of successively 
finer abrasive particles. The first step of polishing, Aka-PLARAN (Waven Nylon) polishing 
surfaces chart, Aka-Poly 6 µm polycrystalline diamond suspension were used in conjunction 
with a water-based lubricant after was cleaned by deionised water. The similar process 
applied for 3 µm polycrystalline diamond suspension however with the use of Aka-PARAN 
(Non-woven Polyester) polishing surface. Moreover, the last polishing step was with the use 
of 1 µm polycrystalline diamond suspension and Aka-CHEMAL (Foamed Neoprene).  
The specimens were then immersed in deionized water in the ultrasonic cleaner, to remove 
materials that were lost but stuck within the specimen. The samples were then dried with the 
compressed air. The specimens were checked under a microscope for crack identification or 
any errors made before the final process of carbon coating. Mostly the geological samples are 
non-conductive; as such, the carbon coating is used to improve the imaging of the specimens. 
This creates a conductive layer on the sample to inhibit charging, reduce thermal damage and 
improves the secondary electron signal required for topographic examination in the SEM.  
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Figure 4. 6. Images showing the sample preparation to sample analysis on SEM at Nelson 
Mandela University, (a) mounting, (b) grinding and polishing, (c) carbon coating, (d) 
sample analysis on SEM. 
4.10 Geochemistry 
 Leaching experiment 4.10.1
The leaching process was used to adequately discern the influence of Fe availability by 
determining the reactive Fe contents to construct the degree of pyritization (DOP). The 
degree of pyritization (DOP) is used to evidence the formation of sulphur species in the 
sedimentary rocks. DOP is defined as (1) the ratio of pyritic iron to total iron in a sample; (2) 
the ratio of pyritic iron to the sum of pyritic iron and nonpyritic iron that is soluble in hot, 
concentrated hydrochloric acid (HCl) (Berner, 1970; Frost, 1996). The second definition is 
more precise than the first one, because nonpyritic iron that is not quickly soluble in hot, 
concentrated HCl acid is not likely ever to have been available to react with H2S to form 
pyrite. 
DOP = 
Pyrite Fe
Pyrite Fe+Acid−soluble Fe
 = 
Pyrite Fe
Reactive Fe 
 
 
Two methods were used and compared before XRF analysis.  In both (1) cold leaching and 
(2) hot leaching method, HCl is used. 6 grams of powdered shale (passed through a 70µm 
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sieve) was weighed and was further divided into two equal part of 3 grams each. 0.100g of 
samples with 5ml of HCl method by Leventhal and Taylor (1990), thus the conversion factor 
was made for 3g.  
Procedure (a) cold HCl method: 3 gram of powdered sample was treated with 150 ml of 1N 
cold HCl in a 500 ml conical flask for 24 hours. After the depletion of 24 hours, the samples 
were filtered and washed with distilled water to prevent further reaction. Then the samples 
were dried and weight (method from Canfield, 1988; 1989; Leventhal and Taylor, 1990; 
Raiswell et al., 1994). 
Procedure (b) Hot HCl method: 150 ml of 12 N hot HCl was added to 3 g of powdered 
sample a 500 ml beaker, brought to boil for 1-2 minutes, and held at boiling for 2 minutes. 
Then the sample was rinsed in a 1000 ml volumetric flask containing 500 ml of deionized 
water to quench the reaction by cooling and dilution, and then diluted to 250 ml again. The 
sample was filtered and dried and weighed (method from Leventhal and Taylor, 1990).  
Thirty-nine samples of black shales and carbonate concretions were crushed and milled into 
<80µm fine powder. Fifteen samples of black shale were divided into two parts, the other part 
of the sample was treated with HCl for the leaching process, and the other part was not 
leached. The leached samples were given the name H-LT# while the non-leached samples 
were named LT#.  
 X-ray diffraction 4.10.2
The mineralogical analysis of carbonate concretions was quantified using the X-ray 
diffraction (XRD) from the chemistry department at Nelson Mandela University. XRD detect 
and quantify minerals through determining their atomic and molecular structure in each 
sample, by focusing X-ray beams on the crushed samples. The crystalline structure of the 
samples causes a beam of incident X-rays to measure the angles and intensities of these 
diffraction beams. These X-rays are generated by cathode ray tube, filtered to produce 
monochromatic radiation, collimated to concentrate, and directed toward the sample. The 
interaction of the incident rays with the samples produces constructive interferences when 
conditions satisfy Bragg’s Law (nλ = 2d sin θ). 
The tenth gram of powdered carbonate samples was placed into sample holder smeared 
uniformly onto 2mm plate tube assuring a flat upper surface and it was inserted into the 
powder diffractometer. For analysis, Bruker Kappa Apex II X-ray Crystallography System, 
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with fine-focus sealed tubing radiation source emitting molybdenum Kα radiation at a 
wavelength of 0.71073 nm with scans at 100 K. the secondary radiation monochromatic was 
composed of graphite.  
  X-ray fluorescence (XRF) 4.10.3
 X-ray fluorescence spectrometry is based on the excitement of individual atoms by an 
external energy source, which emits X-ray photons of characteristic energy or wavelength 
(Guthrie, 2012). The sample material is irradiated with X-rays that stimulate secondary X-
rays that have characteristic wavelengths produced by individual elements within the sample 
material. The data present the major and minor elements in the oxides form (Scheffler et al., 
2006). 
An XRF spectrometer works because if an intense X-ray beam, known as the incident beam, 
illuminates a sample some of the energy is scattered, but some are also absorbed within the 
sample in a manner that depends on its chemistry. The incident X-ray beam is typically 
produced from an Rh target, although W, Mo, Cr and others can also be used, depending on 
the application. The x-ray beam illuminates the samples and the sample becomes excited. The 
excited sample, in turn, emits X-rays along a spectrum of wavelengths characteristic of the 
types of the atoms present in the sample. The excitement happens when the atoms in the 
sample absorb X-ray energy by ionizing, ejecting electrons from the lower (Usually K and L) 
energy levels. Electrons from outer, higher energy orbital replace the ejected electrons 
(Scheffler et al., 2006).  
Energy is released in the form of emission of characteristic X-rays indicating the type of atom 
present. If a sample has many elements present, as typical; for most minerals and rocks, the 
use of a Wavelength Dispersive Spectrometer much like that in an Electron probe micro-
analyser (EPMA) allows the separation of a complex emitted X-ray spectrum into 
characteristic wavelengths for each element present. Various types of detectors (gas flow 
proportional and scintillation) are used to measure the intensity of the emitted beam. The 
flow counter is commonly utilized for measuring long wavelength (> 0.15 mm) X-rays that 
are typical of K spectra from elements lighter than Zn. The scintillation detector is commonly 
used to analyse shorter wavelengths in the X-ray spectrum (K spectra of an element from Nb 
to I; spectra of Th and U). X-rays of intermediate wavelength (K spectra produced from Zn to 
Zr and L spectra from Ba and the rare earth elements) are generally measured by using both 
detectors in tandem (Scheffler et al., 2006). 
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Panalytical Axios wavelength-dispersive XRF spectrometer with sample-changer and 
rhodium end-window X-ray tube was used to analyse compositions of the samples at the 
Department of Geological Sciences at the University of Cape Town. Pressed pallets and 
fusion disks were used for sample analysis in this study. Pressed pallets were prepared by 
loose powder filled in a ring using a flat disc dies at a pressed machine. Loose samples that 
made palletisation difficult were prepared by using a forming agent (binder). Aluminium or 
PVC and sizes with 10-43 mm inner diameter either make the ring materials. Rings are 
strictly used with flat disc dies and cup be used with either flat disc or cylinder types. Fusion 
disks were prepared by mixing borate flux inside a 95% Pt-5% AU crucible, heating to 1000 
ºC until the flux melts, then the hot melt was then cast into a mould and cooled, resulting in a 
glass disk. A Claisse Fluxer aided in the preparation of these fusion disks. Fusion disks were 
used for samples LT 01, LT02, LT03 and LT04A due to their abundance in sulphides. 
 Laser Ablation ICP-MS 4.10.4
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is a sensitive 
analytical technique that enables highly sensitive elemental and isotopic analysis to be 
performed directly on solid samples. It can perform ultra-highly sensitive chemical analysis 
down to part per billion (ppb) level without any sample preparation. LA-ICP-MS application 
begins with a process of Laser Ablation whereby a laser beam is focused on the surface of the 
sample to generate fine particles. The ablated particles are then transported to the secondary 
source of excitation of the ICP-MS instrument for digestion and ionization of the sampled 
mass. The generated excited ions in the plasma torch are then introduced to a mass 
spectrometer detector for elemental and isotopic analysis (Russo et al., 1999). 
A Resolution M-50LR Excimer laser ablation system connected to an Agilent 7700 ICP-MS, 
using a spot size between 60 and 200 µm, was used for analysis of trace elements that were 
below detection limit in the XRF. 25 samples were sent to Stellenbosch University for trace 
element analysis using the LA-ICP-MS. The major element data of the samples were 
provided to the lab. The comparison between the trace element data in XRF and that of LA-
ICP-MS were more or less the same. The LA-ICP-MS trace elements data was used in 
conjunction with the XRF data. 
 Trace Elements Normalization 4.10.5
Trace elements concentrations are assessed in terms of their depletion or enrichment in 
samples by comparison to commonly the average crustal rock or average shale (Wedepohl, 
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1971, 1991; McLennan, 2001). TEs are used for their importance in evaluating the 
paleoenvironmental conditions in siliciclastic sediments and sedimentary rocks relatively rich 
in organic matter, such as black shales (Berner 1970; Wedepohl, 1971; Taylor and 
McLennan, 1985; Tribovillard et al., 2006; Table 3.1). Sedimentary rocks may have a portion 
of the mineral phase, often of biogenic in origin that may dilute the TE abundance. The 
common diluents are calcium carbonate and opal, therefore, it is important to normalize the 
TE proportions in samples to be able to compare TE proportions in samples with variable 
carbonate and opal contents. The trace elements are normalized to aluminium content, 
because for most sedimentary deposits, aluminium can be considered as an indicator of the 
aluminosilicate fraction of the sediments, with very little ability to move during diagenesis 
(Brumsack, 1989; Calvert and Pedersen, 1993; Tribovillard et al., 2006). The enrichment 
factor (EF) is therefore used as a normalizing factor, easy to interpret. Enrichment factor is 
defined as EF = [(Xelement/Al) sample]/ [(Xelement/Al) average shale]. If EFX is greater than 1, then the 
element X is enriched relative to average shale, and if EFX is less than 1, it is depleted. Table 
3.1 shows the average shale values from various sources. The method, however, has some 
drawbacks, this is because uncorrelated variables may acquire spurious correlations when 
normalized, and normalization may change sign, decrease or increase the correlations 
between unmodified variables (Van der Weijden, 2002; Tribovillard et al., 2006). 
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CHAPTER 5. RESULTS 
This chapter details the fieldwork where samples were collected and describes samples 
morphologies by petrological and geochemical evaluation.  
5.1  Black Shale 
This section describes the core logging of the three deep boreholes (SP 1/69, QU 1/65 and 
AB 1/65) to establish the lithostratigraphy and to identify the processes that may have 
influenced the rocks during diagenesis. These descriptions of minerals, textures, grain size 
and fabric across the Lower Ecca Group was done at the coreshed of the Council for 
Geoscience, Tshwane/Pretoria. 
 Borehole description 5.1.1
All three boreholes comprise a thick succession of diamictites, shales, mudstones, and 
sandstones ranging age from Carboniferous to Triassic intruded by Jurassic dolerite dykes 
and sills.  Dolerite intrusion occurred in all three boreholes (see Fig. 5.2-5.5). The intrusion 
comprises of fine-, to coarse-grains (0.5-4 mm). The intrusions differ in sizes: they ranged 
from thin (5-10 m thick) to thick sills of 30 -270 m. The contact aureole is confined to the 
surrounding section, where visible it extend up 10 m especially within the silty and sandy 
lithologies. The lithologies tend to change within the affected area this include discolouration, 
recrystallization (silification seen on both siltstones and sandstone) and occasionally vesicles. 
Discolouration changes from brown, greyish colour to greenish colour especially the 
sandstones. Volcanic ashes occasionally occur around the carbonated shales. The intrusion in 
the boreholes covers in thickness of, QU 1/65 = 20.50%, AB 1/65 = 24 % and SP 1/69 = 5 %. 
The intrusion in SP 1/69 is closer to the lower Ecca Group, whilst QU 1/65 and AB 1/65 are 
closer to the surface. 
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 Figure 5. 1. South African geo-tectonic map showing the localities of deep Soekor boreholes. 
The boreholes in the study are the white dots in pale blue circles; the black lines 
represent the correlation of the boreholes, the Inkaba seismic line in green and 
AEON’s shallow borehole (red dot). The white broken line marks the general edge of 
the Great Escarpment (map after Linol et al., 2016). 
 AB 1/65  5.1.1.1
Borehole AB 1/65 is located Northern Cape, Abraham’s Kraal Farm (310.37” S, 22.48’ 05” 
E). The section is 2253 m thick and comprises almost all the stratigraphic groups that make 
up the Karoo Supergroup including multiple intrusions of dolerites across the section (Fig 
5.6). Some of the core may have been altered by weathering due to the cores being exposed 
to atmosphere and water. The lower Ecca Group conformably overlies the Dwyka Group 
rocks, which form the base of the sequence and comprise ~99 m of diamictites with poorly 
sorted subrounded to subangular fragments of greatly varying size and composition (Fig 5.2). 
The diamictite forms a sharp contact at 2154 m with the highly friable and thinly bedded grey 
mudstones of the overlying Prince Albert Formation. Prince Albert, Whitehill and 
Collingham Formations were described in details to determine their diagenetic and 
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depositional processes. 
 
Figure 5. 2. The image of AB 1/65 deep borehole during core logging at Council for 
Geosciences. 
 
Figure 5. 3. Image of diamictite with poorly sorted subangular fragments in the argillaceous 
matrix. The clasts differ in sizes from 1-10 cm and in composition. 
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The lower Unit 1 conformably overlies the diamictites of the Dwyka Group (Fig.5.3). This 
unit is called Dwyka shales and consists of small pebbles of sandstone and granite with 
boulder-sized carbonate concretions and cherty siltstone in a shaly matrix for over the 
thickness of 18 m. The rock has a sparkling appearance due to the abundance of highly 
reflective mineral grains, identified as mica group minerals with the use of handlens. The 
lower Unit 1 comprises horizontally laminated homogeneous matrix of sandy/silty mudstones 
that exhibit soft sediment structures. The upper Unit 2 comprises mostly silty mudstones and 
occurrence of pyrite fragment. Pyrite is observed only in Unit 2 of the Prince Albert 
Formation but is less abundant compared to the overlying unit of the Whitehill Formation. 
The contact between Unit 1 and Unit 2 was difficult to distinguish due to some of the cores 
being weathered into unconsolidated materials. However, the colour gradually changed from 
grey to dark grey exhibiting a homogenous matrix characterised by silty-clay grains of the 
horizontally laminated mudstones, Unit 2 is more micaceous than the lower Unit 1.  
The shales of the Whitehill Formation conformably overlie the upper unit of the Prince Albert 
Formation. The contact between the Whitehill Formation and the Prince Albert Formation 
was observed to change at a depth of 2012.6 m. Notably, some of the weathered fragments 
become white when interacting with water and small fragments of pyrite were observed. The 
contact between the two formations was taken to be at the depth where the weathered 
fragments were encountered. Apart from the useful marker of weathering white, pyrite can 
also be a useful marker to distinguish between Prince Albert and the Whitehill Formation. 
Previous geochemistry results from Chere et al. (2015) and Geel et al. (2014) show higher 
pyrite content in the Whitehill Formation than in the Prince Albert Formation. Pyrite is a 
common mineral in organic-rich sedimentary rocks and only forms under anoxic conditions 
(Berner, 1970). Therefore, the conclusion can be drawn that the pyritic content of Whitehill 
Formation indicates the fact that the sediments were deposited under conditions that are more 
anoxic. Unit 3 comprises black, laminated, carbonaceous shales with a homogeneous matrix 
of fine-grained silts and clays with a thickness of 57 m.  
All the rocks display a white colouring when exposed to air but weathers slowly compared to 
when interacting with water. They are characterised by flaky weathering and to some extent 
display greenish-oxidized iron-rich shales at a depth of 1982 m. The shales in this Unit 3 are 
dark grey in colour with subordinate black streaking and contains inclusions of ellipsoidal 
carbonate concretions and pyrite bands throughout the entire thickness. The ellipsoidal calcite 
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concretions can measure up to 5.2 cm across the core with 1cm pyrite bands occurring within 
up to 5.2 cm of the concretions. In comparison with the lower formations, the shales of the 
Whitehill Formation contain more pyritic minerals than micaceous minerals and high quartz 
content. However, precise mineralogical identification was made difficult due to the 
fragmented and weathered nature of the core.  
Towards the top of Unit 3, sandstone beds and occasionally cherty and carbonate concretions 
were observed (Fig 5.4). A 6 m thick dolerite occurs at a depth of 1895.9 m inferred to be a 
sill was the contact with the overlying Unit 4.  The rocks close the sill has fine-grained grey, 
powdery appearance and reacts with water to form gypsum. This can be due to the thermal 
metamorphism of the carbonaceous components within the shales and conversion of sulphur 
bearing minerals (pyrite) either to a more reactive fine-grained form or by oxidation to 
sulphate minerals that are susceptible to hydration to gypsum (Fig. 5.5). 
 
Figure 5. 4. The carbonates from the AB 1/65 sections. (A) Core with calcite veins and pyrite 
bands; (B) the calcite reaction towards HCl test. (C) The chert found at the top of the 
Whitehill Formation and /or the base of the Collingham Formation. (D). Cherts are 
common in the Collingham Formation. 
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Unit 4 conformably overlies Unit 3 and is 320 m thick. It exhibits flaky weathering and is 
generally siliceous compared to the underlying beds. The Collingham Formation comprises 
alternating thin (5 cm – 1.5 m thick) beds of greyish yellow to greenish yellow altered tuff 
beds, which occur above the dolerite intrusion. The very thin tuff beds mark the base of the 
Collingham Formation. There is the occurrence of tuff alternate with the subordinate 
siltstones, grey to brown in colour with calcareous concretions. With height in the sequence, 
the siltstones gradationally decrease to thin beds of dark grey to olive grey, siliceous mudrock 
alternating with very fine-grained sandstones and chert beds (at 1708 m depth) (Fig 
5.4C&D). The sandstone beds increase in thickness and change in colour to olive green as 
their distance to a 13.3 m thick dolerite intrusion decreases. In total 6 samples were collected, 
one sample each from Unit 1 and Unit 2, and two samples each from Unit 3 and Unit 4.  
 
Figure 5. 5. Images of the rocks from the AB 165 section. (A) Indicate the reaction (oxidation 
reaction) occurred from treating the shales with tap water depicting yellowish and 
white-grey stains forming. (B) After 24 hours, white and yellow to orange gypsum 
formed. (C) Ashes found at the top of Unit 3, near the dolerite intrusions. (D) Indicate 
the development of yellowish stains after treatment with water. 
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Figure 5. 6. Lithological description of Dwyka and Lower Ecca Group in core AB 1/65. The 
section is divided into four units of changing lithology representing the formations 
within the Group. Pyrite and calcite veins are common in Unit 3. 
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 QU 1/65 5.1.1.2
The QU 1/65 borehole is located in Northern Cape, Fraserburg district in the Quaggasfontein 
357 Farm (S 31. 826, E 21.439). The base of the boreholes consists of 68 m thick dolerite 
intrusion, overlain by the diamictites of Dwyka Group. (Fig.5.9). The massive diamictites 
consist of randomly oriented clasts in a silty-sandy mudrock matrix and the fragments range 
from 1cm- to 10 cm angular to round in shape.  At a depth of 1378 m, the stratified 
diamictites gradationally change to thinly laminated fine mudrock with fewer dropstones in 
places.  
 
Figure 5. 7. Cores of QU 1/65 section. (A) The base consist of Dwyka diamictites intruded by 
dolerite, overlain by massive sandstone bed. (B) The lower Ecca overlies the 
sandstone bed with sharp contact. (C) The black shales of the Lower Ecca with white 
weathered colouring. (D) The weathered shale fragments making it hard to 
distinguish contacts between formations. 
A depth of 1378 m is marked by darkening colour, with fewer to no pebbles observed. 
However, the lithology changed to small (2 m) bed of siltstone at a depth of 1756 m and the 
contact between the Dwyka tillites and Unit 1 laminated mudstone was taken at a depth of 
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1700 m. The finely laminated mudstones of Unit 1 are characterised by calcite concretions 
with a 5 cm thick pyritic band at a depth of 1699 m and scattered occurrence of possible 
phosphate concretions (Fig. 5.9). The occurrence of the pyritic band in places suggests that 
the environment was attaining anoxic conditions, with bacterial reduction of sulphates. The 
horizontally laminated mudstones characterised by a homogenous matrix with silt-sized 
grains gradationally changes into pyritic rich carbonaceous shales of Unit 2 (Fig 5.8). The 
sediments of the Whitehill Formation were likely deposited under anoxic conditions with 
enough organic matter preservation at the sediment-water interface.  
 
Figure 5. 8. The white weathered shales occur throughout the Lower Ecca (Unit 2), thus 
pyrite was used as a marker to distinguish Prince Albert and the Whitehill 
Formations. The pyrite forms bands and is found carbonate associated shales.  
This pyrite-rich carbonaceous shale constitutes a thickness of 30 m, above which the 
lithology changes into Unit 3 of silt fine sandstone at a depth of 1645 m. Unit 3 consists of 
alternating units of shale, mudstones and laminated siltstones with an overall maximum 
thickness of 600 m and containing at least six dolerite sill units in place. Six samples were 
collected from this section. Systematic sampling was used and two samples were collected 
per unit. Samples in Unit 1 were collected at a depth of 1862 m and 1843 m, in Unit 2 at 1701 
m and 1685 m and in Unit 3 were collected at 1667 m and 1636 m (Figure 5.9).
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Figure 5. 9. Lithological description of QU 1/65. The Ecca section is divided into 3 
Units of changing lithology.   
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  SP 1/69 5.1.1.3
The 4545 m deep SP 1/69 borehole is located in Springfontein (Igape) Farm (E 27.883, S 32, 
883), some 28 km from East London (Fig. 5.1). This borehole was not cored entirely and the 
lithology description was taken from the SOEKOR archives (Roswell and DeSwardt, 1976). 
The core includes 254 m thick lowermost sequence of fine to coarse-grained sandstone of 
Witteberg Group of the Cape Supergroup at the base overlain by Dwyka Group. The 
diamictites are 47 m thick and toward the top of the group, the matrix changes to sandy 
materials and silty materials with a decrease in clasts size from 1-10 cm range to 1-5 cm (Fig. 
5.11). The massive diamictite is overlain by Unit 1 of thinly laminated shale consisting of a 
fine-grained homogenous matrix, with a rare trace of pyrite, quartz veining and carbonate 
concretions. The contact between the massive diamictite and the shale is at a depth of 3736.8 
m (Fig. 5.11). Unit 1 is marked by sharp contact at both the base and top.  
 
Figure 5. 10. Rock chips of SP 1/69 core showing (A) fractures in black shales filled with 
quartz veins; (B) graphite within horizontal lamination; (C) Euhedral pyrite within 
the black shale; (D) White weathered shale. 
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The black shales are fractured by micro-faults, penetrated by quartz veins, and often broken-
up by intersecting cleavage (Fig. 5.10A). The matrix contains traces of graphite and is 
interpreted to be substantially metamorphosed (Fig. 5.10B). The shale is pyritic, micaceous, 
and silica-rich with calcite veins and weathered white due to oxidation of pyrite as it has been 
exposed to the atmosphere for years. The formation in this borehole may possibly be over-
matured due to the existence of graphitic shales may possibly be classified under late 
diagenesis stage to low-medium metamorphic stage. The pyrites range up to ~10 mm in size 
(Fig. 5.10C), and they occur as both framboidal and cubic. Three samples were collected 
from Unit 1 of this section. The first sample was collected at a depth of 3677.1 m, the second 
at 3680. 2 m and third at 3682.6 m.  
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Figure 5. 11. Lithological description of SP 1/69. The Lower Ecca of this section is divided 
into one unit because only one shale lithology is observed.  
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 Microscopy 5.1.2
 Petrographic section 5.1.2.1
Petrographic sections were prepared from samples collected from the three SOEKOR deep 
boreholes. Shales are difficult to be distinguished under the petrographic microscope because 
of their fine-grained materials. The thin sections were stained with Alizarin red S and 
potassium ferricyanide to identify carbonates within the shale samples. The shale consists of 
discontinuous, wavy and straight parallel laminae. Parallel, discontinuous and elongate 
micro-lenses of very fine-grained quartz are diagnostic and suggest late-stage silicification. 
Thin laminae of black shale are interlaminated with grey clay. The grains of SP sections are 
much fined grained (1-5 µm) (see Fig. 5.12), dense and tightly packed making it extremely 
difficult to distinguish individual grains. Randomly distributed opaque minerals are observed. 
The opaque minerals are subrounded with a size range of 1-5 µm. The opaque minerals 
represent the framboidal pyrite and probably opaque heavy minerals Fig 5.13 and there was 
no sign of carbonate minerals. 
Figure 5. 12. Photomicrograph of a thin section showing thinly laminated black shales from 
SP 1/69 (LT01 and LT02). Image A and C are under plane polarised light (PPL) and 
76 
 
 
image B and D under crossed polarised (XPL). Both images indicate planar 
lamination and elongation of material parallel to the bedding. 
 
Figure 5. 13. Photomicrograph of the thin section under PPL showing the opaque framboidal 
pyrite in the black shale of SP 1/69 (LT03). Are subrounded in shape with a grain size 
of between 1-5 µm. 
Variations were observed with respect to calcite within the formations. Calcite veins were 
found to be common in Unit 2, followed by Unit 1, Unit 3 samples showed no sign of calcite 
(Fig 5.4 & 5.12). Minerals that are more opaque were enriched within the Unit 3 samples as 
compared to other unit formations. The matrix is made up of clay minerals, which indicate 
flattened amorphous organic matter that formed thin and discontinuous laminae (Fig 5.14). 
The matrix is made up of detrital quartz grains, mica flakes and heavy minerals. All the shale 
samples indicated a weakly birefringent matrix. Individual clay minerals are near impossible 
to discern at thin-section resolution, however, SEM results indicated that illicit and chloritic 
matrix clays are well crystalline, but finely intermixed with organic materials. The accessory 
additional detrital materials include zircon, rutile, phosphatic debris and other heavy 
minerals. Phosphatic debris (apatite) is observed more in the QU 1/65 samples but is 
observed in all sampled boreholes. Pyrite is variably abundant in all analysed samples and is 
especially prevalent in Unit 2. Unit 2 in QU 1/65 accord to represent Whitehill Formation. 
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Figure 5. 14. Photomicrograph of a thin section (LT04A) under XPL rotated for 45
0
 from A 
to B. Indicate matrix of minerals with amorphous mineral parallel to the horizontal 
laminae. 
The AB 1/65 shales comprise of detrital quartz and plagioclase feldspar cemented by the 
clay-rich matrix. Clay matrix is the second dominant textural component and comprises a 
mixture of organic fragments and detrital clays, primarily illite and chlorite. Pyrite and calcite 
are the most conspicuous secondary cement. Visible porosity is scares, the observed porosity 
may, however, represent the voids filled by epoxy, or the organic fragments. Overall, 
intercrystalline micropores and organic pores constitute the porosity. Calcite veins are 
dominant in Unit 3 which accord to Whitehill Formation in AB section. 
Primary sedimentary structures and grains are nearly obliterated in these samples due to 
diagenetic recrystallization. Pyrite is used as a marker for organic-rich shales, as they are 
minor replacive cement of organic pores. The framboidal pyrites occurred around the 
amorphous pores associated with organic materials (Fig 5.15). The sample LT07 that mark 
the boundary between PAF and WH exhibit diverse detrital and authigenic textures 
characterised by silty sized well-rounded quartz-rich grain composition. Porosity is better 
developed in the boundary as a part of the deepest sample from WH, whereas quartz cement 
extensively occludes intergranular pores at 2106.8 m. 
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Figure 5. 15. Photomicrograph of a thin section showing the distribution of pyrite grains in 
yellow circles (LT08A). 
 Scanning electron microscopy (SEM) 5.1.2.2
The logged lithology of SP 1/69 and information from the archive indicate a single 
emplacement of dolerite sill at the top of the section. Only Whitehill Formation exists in this 
location. The Whitehill Formation is fractured with quartz veins, highly cooked with traces of 
graphite. More pyritic shale, calcite veins, micaceous, and silica-rich. The formation is over 
matured may be classified under deep burial of late diagenesis stage to low-medium 
metamorphic stage. SEM examination of the samples shows that the Lower Ecca rocks 
generally contains more than one-third of clay minerals, quartz as the dominant mineral, and 
pyrite and heavy minerals. Whereas the shale matrix of AB and QU Lower Ecca, under SEM 
observation, consists of a mixture of clay minerals (dominantly chlorite and illite), quartz 
grains, apatite, pyrrhotite and traces of pyrite to some extent, organic matter and heavy 
minerals. Organic matters are amorphous and dark. Quartz is finely mixed with organic 
matters, and coexistence of organic matters and sulphides is observed. 
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A. Detrital Grains 
Quartz  
By far Silica (clay- to silt-size crystalline quartz) is the dominant mineral constituting more 
than 35% of the mineral composition in all sampled formations. Quartz occurred as 
monocrystalline grains ranging from very fine to medium grained angular to subangular; to 
rounded grains indicating that they are formed from pre-existing rocks (Fig 5.16-5.22). To 
some extent, they occur as pore filling minerals (Fig 5.22). In the SP section, most of the 
detrital quartz grains form a slightly concave shape around contact zones due to pressure 
solution during compaction (Figure 5.17B). In a low magnification, authigenic quartz partly 
surrounds the detrital quartz grains and other grains, however, with enhanced magnification 
shows illite clay mat between the detrital and authigenic quartz.  
In the QU and AB sections, some of the quartz grains occurred as irregular within the matrix 
and the quartz grains shows more dissolution. The grains were influenced by pressure 
solution and the boundaries underwent dissolution and crystallization (Fig 5.16 & 5.18D). 
Most of the quartz grains show to recrystallize into chlorite, due to their greyish colour with 
impurities of (Mg, Fe and Al) observed from the EDX of the greyish grains. Within the three 
borehole sections, the rounded diagenetic quartz overgrowths (authigenic) occur in most of 
the intervals wherever there is no evidence of chlorite coating. Quartz overgrowth is obscured 
by clay minerals to prevent the reduction in porosity (Figure 5.17B). Authigenic quartz 
underwent two stages of authigenic quartz development identified as (i) formation of a 
uniform rim of small (2 to 5 µm) rhombic quartz crystals; and (ii) druse around the detrital 
quartz grains (Figure 5.19).  
Feldspar 
The second dominant mineral from quartz is albite (Na[AlSi3O3]) with a proportion of over 
25% in the SP section and occasionally K-feldspar (microcline) is present. Albite occurs both 
in authigenic forms and in fragmental grains (because of surface alteration). Most of the 
albite grains are affected by dissolution and alteration (Figure 5.18B). Some feldspar and 
quartz grains exhibit internal dissolution, constituting secondary porosity. Secondary pores 
generated by dissolution of K-feldspars and plagioclases are completely filled by albite. In 
the QU and AB section, all the sampled formations tend to show a lack of feldspar minerals.  
However, albite showed to be the dominant feldspar, thereafter followed by less common K-
feldspar. Most of the albite shows evidence of dissolution and partially weathered along the 
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edges. Albite occurred as irregular-shape grains in a mosaic of intermixed chlorite/illite and 
quartz and as rare euhedral crystals. However, is difficult to quantify the abundance of 
authigenic albite, as plagioclases are also present as detrital grains. The K-feldspar may have 
recrystallized into illite and other clay minerals during the burial depth. The K-feldspar 
occurs around illite clay matrix however with a lighter grey colour than the dark-grey illite.  
 
Figure 5. 16. BSC photomicrograph of quartz matrix indicating dissolution and 
recrystallization around the grains edges. Each quartz grain illustrated on the image 
shows a rim of chlorite surrounding the grains, to prohibit the quartz growth. The 
green box shows ilmenite within the quartz matrix with authigenic quartz growth 
within the corroded ilmenite. 
Rock fragment 
There exist rock fragments that were too small to be analysed by EDX. The rock fragments 
differ in sizes and shapes comprises of chert, polycrystalline quartz, clay material and other 
shale fragments. Due to the dissolution process on the surface of the rock fragment, the 
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accumulation of organic matter occurred. However, some of the fragments represent the 
remnants of organic matter when analysed by EDX indicate the carbon peak (Figure 5.16-
5.19). Even though the rock fragments are hard to identify with EDX, they provide very 
important information on diagenetic processes occurred. Rock fragments (matrix) (Figure 
5.19) surround large identifiable grains. At the lowest magnification, the matrix shows high 
compaction; horizontal lamination and sedimentation rate can be deduced. Nano-scale pores, 
inter-crystalline pores and dissolution pores, microfractures, abnormal-pressure fractures 
(Figure 5.19) dominate the Lower Ecca shales. The pores are black, amorphous under 
secondary observation; however, the black amorphous pores represent a variety of things 
including pores or pores filled with resin.  
Heavy minerals 
Heavy detrital minerals are not so common in black shales; however, they tend to enriched in 
the SP section as compared to QU and AB sections. The observed minerals occurred within 
all the borehole sections are zircon (accessory), thorite (accessory), apatite, sphalerite, sphene 
(accessory), galena, and rutile. Titanite and allanite (epidote mineral) are only found in SP 
1/69 (Fig. 5.19D), fluorite and fluorapatite in QU 1/65, and monazite are found in both QU 
and AB 1/65 (Fig. 5.23). The observed detrital heavy minerals are stable over a wide range of 
burial diagenesis, however, some heavy minerals are stable than others, which can be evident 
by fabric and textures. Zircon grain shows to be one of the stable minerals during deep burial, 
with no corrosion texture or any dissolution evidence. Zr showed to be of two origins, detrital 
and probably likely to be due to metamorphism. The zircon of late burial stage occurred to be 
smooth with a prismatic habit, with no sign of corrosion or alteration as shown in Figure 
5.18C. The other grains showed to be of detrital origin, due to the evidence of alteration 
around the edges altering the primary prismatic habit of the grain (Fig 5.17B). In Figure 
5.18D, the zircon minerals indicate corrosion, and the pores created led to the deposition of 
galena (PbS). 
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Figure 5. 17. Photomicrograph of sulphides with the black shales of the Lower Ecca Group. 
(A) Detrital TiO2 (rutile) indicate that it was resistant throughout the burial stages of 
diagenesis. Apatite indicates irregular patches proving to be highly altered. (B) An 
altered zircon crystal with inclusions of galena shown by orange circles with the 
crystal. Galena was deposited at the later stage, probably by the hot fluid to the 
corroded areas of zircon. Chlorite also occurred as detrital with larger altered grains 
surrounding the zircon grain. (C) Sphalerite, on the other hand, shows to be more 
associated with organic matter. Rutile formed in a late stage filling the corroded 
voids of sphalerite. (D) Subrounded crystals of sphalerite precipitating within the 
organic matter. 
Titaniferous minerals observed in QU and AB sections are TiO2 (probably rutile Fig. 5.17A) 
and Ilmenite (FeTiO3) and occasionally pyrophanite (MnTiO3). There is an extensive solid 
solution between ilmenite and pyrophanite compared to Mg-rich geikielite, as such ilmenite 
formula in this context will be expressed as (Fe, Mn)TiO3 compensating for the occasionally 
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occurring Mn. The concentration of TiO2 is determined by the abundance of detrital oxides 
and silicates such as the existence of chlorite and illite. The only Titaniferous mineral in the 
SP section is titanite. Titanite forms irregular authigenic patches and shows variable 
distribution attributed to dissolution during burial. Titanite stability depends on its 
composition since the EDX of different mineral grains shows compositional ranges in a 
number of elements including Al, Fe and rare earth minerals (Fig.5.19A & D). The epidote 
mineral (allanite) shows surface corrosion textures and shows a range of compositions with 
variation in both major elements, rare-earth elements and trace elements (Figure 5.19 D&E). 
Phosphates are enriched in QU 1/65 (LT04A) representing the base of Unit 1 of Prince Albert 
Formation. The commonly observed phosphate minerals are apatite and monazite. However, 
apatite is commonly found in all the samples. Apatite (fluorapatite) occurred as < 5 µm grains 
of subhedral in shape growing into irregular patches with an indication of dissolution with the 
grains (Fig. 5.18C). Apatite grains commonly develop overgrowths during advanced stages of 
burial diagenesis, which is observed within the samples. However, the extent of the 
overgrowths seems to be limited by the availability of phosphate. The grains show evidence 
of corrosion, indicating that they have been partially dissolved.  
Monazite is a light rare-earth element (REE) phosphate minerals (La, Ce, Nd)(PO4) with the 
incorporation of a significant amount of Th and U in its structure from EDS analysis (Fig. 
5.18 A &B). Under BSE, detrital monazite crystals revealed to consist of a rounded to the 
irregular core and often occurs intergrown and/or overlain by authigenic quartz as shown in 
the composite grain in Figure 5.18A. The origin of monazite in black shales is controversial 
as to whether to interpret it as detrital, diagenetic or metamorphic in origin. However, in these 
contexts, they are treated as both detrital origin and indicator of metamorphism. The detrital 
monazite is altered, with some of the developed pores, being filled with authigenic quartz 
overgrowth (Fig 5.18A). The low-grade metamorphic monazite grains are rarely unaltered 
and are not aligned with the horizontal bedding. Studies have shown that Light Rare Earth 
Elements (LREE) (Alderthon et al, 1986) and Zircon (Zr) (Fayek and Kyser, 1997) may be 
mobile during water-rock interactions under specific conditions; and monazite alteration 
during diagenesis and very low-grade metamorphism has been suggested in several studies 
(Smith and Barreiro B., 1990). These shales have been metamorphosed by the tectonic CFB 
(Craddock et al., 2007).  
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Figure 5. 18. Photomicrograph and EDX spectrum of heavy minerals. (A) Irregular shaped 
detrital monazite with intergrown authigenic quartz within the grains and detrital 
quartz surrounding the grain. (B) The spectrum of monazite grain showed to rich in 
rare earth element (REE). (C) The prismatic zircon, ilmenite in the green box. The 
orange box indicates organic pores with chlorite grains inside and dissolution of 
quartz grain into albite. (D) Altered zircon grain with inclusions of galena 
surrounded by chlorite and illite matrix. A white box shows the interaction between 
minerals to recrystallize chlorite (confirmed by EDX). Chlorite coating can be 
observed around the quartz grains. 
Sulphides minerals were observed in all sampled formations but the sulphides are more 
enriched in the Whitehill Formation. The observed sulphides include pyrrhotite, pentlandite, 
sphalerite, galena (see Figure 5.19D), small traces of pyrite and chalcopyrite. Chalcopyrite 
and traces of pyrite were observed in Whitehill samples, while pyrrhotite was common in all 
sampled formations. Galena occurred mostly within the zircon crystals as seen in Figure 
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5.18D. Such enrichment in sulphide minerals may elucidate two environments of formation, 
either were mobilised by the hot fluids from the dolerites, or the abundance of organic matter, 
which would form reducing conditions, and the release of hydrogen sulphide.  
 
Figure 5. 19. SEM photomicrographs of SP 1/69 black shales. (A) Four diagenetic processes 
are observed: deposition of irregular patches of detrital titanite; formation of early pyrite 
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around organic pores; chlorite deposition overlying the titanite; and dissolution of chlorite 
mineral into illite formation. (B) Sphalerite overlay by illite. Illite and mixed clays minerals 
occurred around the pores spaces of the sphalerite, while chlorite minerals occurred around 
organic pores together with pyrite. (C) The bright thorite grains occurred around the pyrite 
pores, overlain by illite. Framboidal pyrite is joint together to form a secondary single grain 
of euhedral pyrite. (D) Epidote mineral, hexagonal allanite grain detrital in origin showed by 
corrosion within the grain. (E) allanite grain different from the allanite grain in (D) by an 
irregular shape. However, they both occurred in a much-fined matrix indicating soft 
sedimentation. (F) Allanite spectrum, rich in rare earth elements. QTZ-quartz; TNT– titanite; 
PYT-Framboid pyrite; CLRT-chlorite; ILL-Illite; SPL-sphalerite; TH-thorite. 
B.  Diagenetic Minerals 
Pyrite  
Pyrite (FeS2) is one of the dominating minerals in borehole sections particularly the SP 1/69 
section with a proportion from 5% to 10%. Authigenic pyrite is present in several forms, as a 
single grain in some places, framboids, pore-filling cement and pyrite cemented layers (Fig 
5.20). The most common are small framboids generally less than 10µm in diameter; most fall 
into the 3-7 µm range (Figure 5.20C). Fine-grained framboids are commonly aggregated into 
larger masses, possibly end up forming euhedral pyrite grains as seen in (Figure 5.20C&D 
and Figure 5.28F). Another form of pyrite is euhedral crystals several micrometres in size. 
Pyrite is generally considered syngenetic (formed in the water column, e.g. Skei, 1988b) or 
early diagenetic components (Berner, 1970). However, in some instances, they can also form 
during late diagenesis. Framboidal pyrite occurs as organic pores filling (Fig 5.21, 5.22 & 
5.28). This shows a positive relationship between mineral pyrite and organic constituents. 
Syngenetic pyrite framboids enclosed within organic entities appeared to be a common 
feature in these specimens. However, this does not directly suggest that pyrite framboids re 
due to replacements in microorganisms, since no evidence of organic materials were 
observed within the framboids structures. 
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Figure 5. 20. Photomicrographs of SEM in BSA of SP 1/69 black shales: (A) pyrite framboids 
early of diagenetic origin, are distributed around the organic pores and they are 
aligned with respect to the bedding; titanite forms irregular patches randomly 
distributed. (B) Pyrite framboids are horizontally aligned (shown by 2 arrows) with 
respect to the shale bedding; they occur as organic pore filling. (C) Pyrite framboids 
size ranges from 3 µm to 10 µm; illite/chlorite occurred around the pores, further 
filling the pores; authigenic quartz formed due to the dissolution of detrital minerals. 
(D) Euhedral pyrite authigenic in origin. The grain is surrounded by Chlorite/illite 
clay minerals, filling the surrounding pores. The photomicrographs show that the 
early diagenesis of the shale was high in organic matter, and the organic matter was 
the limiting factor for pyrite formation. QTZ-quartz; TNT– titanite; PYT-framboidal 
pyrite; E-PYT-euhedral pyrite; CLRT-chlorite; ILL-illite.  
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Figure 5. 21. Photomicrographs of SEM showing the distribution of pyrite with respect to the 
organic matter. Organic materials control the pyrite; this is seen by the distribution of 
pyrite along the organic pores. Pyrite formation is largely controlled by organic 
matter in a normal marine environment (Berner, 1970); as such, Whitehill Formation 
in AB 1/65 may have been the normal marine depositional environment. 
Pyrrhotite/Pyrite  
Pyrite is a less dominant mineral in the QU section, compared to AB and SP sections, and 
only traces of euhedral pyrite grains were observed. The dominant sulphide in QU section is 
pyrrhotite (Figure 5.22). Pyrrhotite is a nonstoichiometric variant of iron sulphide mineral 
(FeS, troilite) with the formula (Fe1-xS) with a range of compositions (0<x<0.13). Pyrrhotite 
is commonly referred to as magnetic pyrite due to its colour similar to pyrite and is weakly 
magnetic (Vaughan and Craig, 1978; Svoboda, 2004). The pyrrhotite is commonly associated 
with igneous rock; hence, its occurrence in the sedimentary basin is associated with detrital 
origin. However, geochemical literature indicates its formation is extremely slow below 
180
⁰
C, which makes it highly unlikely to be a carrier of early diagenetic reminisces. 
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Therefore its classification of associability to late diagenetic to late metamorphism deems fit 
(Horng and Roberts, 2006).  In this regard, two types of pyrrhotite are observed the 
detrital/early diagenetic pyrrhotite and late diagenetic (metamorphic associated) pyrrhotite 
(Fig 5.22). 
Mostly framboidal pyrite is associated with organic matter and diagenetic in origin. However, 
with the occurrence of epigenetic changes in place, led to gradual transformation either to 
euhedral pyrite grains (Figure 5.20D) (due to hydrothermally altered black shale) or 
pyrrhotite (due to contact metamorphism of black shale).  The sedimentary rocks of QU 1/65, 
AB 1/65 and SP 1/69 experienced extensive volcanic activity resulted in dolerite sills of more 
than 1000 m and contact metamorphism, which heated the shales and filled both vertical and 
horizontal faults with lava (see core logs in section 5.1.1). This resulted in hot water 
percolated along faults and fractures through the sediments, and some places this contact 
metamorphism enriched black shale in iron sulphide (pyrrhotite and pyrite) while also 
converting some pyrite to pyrrhotite, making chemically less reactive locally more reactive. 
Pyrrhotite indicates feathery, structure and show some indications of radial arrangement 
inherited from pyrite enclosed by illite-chlorite, quartz and albite (Figure 5.22D). Pyrrhotite 
is rarely found in sedimentary rocks and associated with sphalerite, rutile and chalcopyrite, 
which are observed within the matrix.  
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Figure 5. 22. Photomicrographs of SEM showing pyrrhotite. (A) Indicate late diagenetic 
pyrrhotite deposited by calcite vein. Occurred as organic material replacement 
preserving the organic structure. The veins also precipitated fluorite crystals. (B) 
Pyrrhotite is the calcite vein, late diagenetic formation. (C) Early diagenetic 
pyrrhotite indicating corrosion with burial stages. (D) Detrital or early diagenetic 
pyrrhotite replaced by quartz and albite. Pyrr-pyrrhotite; the yellow circles represent 
pyrrhotite. 
Pyrite size distribution 
The size distribution of pyrite framboids has been used to decipher the redox conditions of 
the depositional environment (Wilkins et al., 1997) (see Chapter 3, section 3.1.3). The pyrite 
framboids were identified and measured directly from BSE images acquired by SEM (Fig 
5.16-5.22). This study classified the pyrite minerals identified from black shales into 
following class: (1) Closely packed spherical grains and cluster form aggregates; (2) Pore 
filling spherical aggregates of uniform-sized macrocrysts; (3) Pyrite crystals consisting of 
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overgrowths in the size of framboids and (4) Diagenetic euhedral pyrite crystals occurring 
either as a single crystal or as irregular shaped mass or overgrowths of look-alike framboids 
creating a single euhedral crystal (see Fig 5.20). Measurements were only taken from crystals 
that exhibit noticeable size and shape, and 100 crystals were set as a minimum benchmark, 
although some samples have pyrite crystals less than 100 due to lack of pyrite within the 
sample (Table 5.1). Majority of pyrite from the Karoo black shales fall under more oxic-
dysoxic redox region although some exceptional samples from AB 1/65 and QU 1/65 
boreholes fall in the euxinic region. 
 
Table 5. 1. Statistical data of measured framboidal pyrite within the Karoo black shales. 
Calcite 
Calcite occurred as both early diagenetic crystals and late diagenetic veins (Fig 5.23A&B, 
Fig 5.24). Calcite occurred as a vein throughout the sample and is the most abundant 
carbonate mineral present. Remnants of albite and quartz are preserved within the veins. Can 
also be classified as pore filling, as is not replacing any minerals. The veins are not zoned, is 
Sample ID No of 
framboids  
Diameter 
(min) 
Diameter 
(max) 
Diameter 
(mean) 
Standard Dev 
 (mean) 
LT01 198 1.4 30.4 8.4 4.2 
LT02 276 5.2 22.3 6.1 3.3 
LT03 234 6.1 34,6 9.0 5.8 
LT04A 113 2.3 18.1 8.4 5.1 
LT04B 156 3.0 19.5 4.1 2.4 
LT05A 98 4.2 14.0 4.2 2.1 
LT05B 91 2.5 18.0 3.7 1.5 
LT06A 110 1.9 23.0 7.6 4.6 
LT06B 108 5.6 13.5 5.1 3.5 
LT07 111 6.8 17.3 6.8 2.7 
LT08A 122 3.4 18.8 4.2 1.9 
LT08B 134 4.5 28.2 9.8 5.2 
LT09 106 4.1 18.9 5.1 3.4 
LT10 180 3.2 16.2 4.4 2.0 
LT11 140 3.8 21.5 8.6 4.6 
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uniform throughout suggesting a coeval origin from the same fluid. The calcite veins 
precipitated fluorite crystals, small traces of barite, galena and sphalerite. A map was done to 
see the distribution of elements surrounding the vein. Continuously in other samples calcite 
occurred as a grain surrounded by apatite, and TiO2. 
Fluorite 
Fluorite cubes occurred within the calcite veins (Figure 5.23A). The hydrothermal fluorite 
shows a cubic origin however with alteration and dissolution to some extent it fades away 
into the calcite veins.  
 
Figure 5. 23. Photomicrographs of calcite vein with fluorite crystals. (A) Calcite vein with 
fluorite represented by a white box. The vein has a fracture that separates the albite 
from quartz grains. (B) The secondary image of the calcite vein, clearly showing 
dissolution between quartz and albite. (C) 10x magnification of fluorite in the image 
(A). (D) Indicate the crystals of fluorite, the corroded quartz and albite. ALB-albite, 
QTZ- quartz, box-fluorite. 
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Figure 5. 24. Photomicrographs of SEM showing different types of calcite. Image A and B 
indicate the late diagenetic calcite veins. The veins are surrounded by corroded 
detrital chlorite. The chlorite tends to alter into illite. Image C and D indicate the 
early diagenetic calcite crystals. Image C calcites are corroded and coexisting with 
chlorite in a very fine matrix, while Image D calcite is corroded with new albite 
formation on top of the grain. The calcite in D occurred in a medium to the coarse 
matrix. CHLT-chlorite; ILL-illite; CAL-calcite; red circles- chlorite, white circles-
calcite. 
C. Clay minerals 
Illite  
Illite result from different reactions of some other unstable clay minerals with increasing 
depth such as smectite, and mixed layer clay minerals or it can be formed from feldspars. 
Fine flaky illite is the major component of the Lower Ecca shales and dominant matrix 
mineral. There could have both authigenic and detrital aspects and is associated with organic 
materials. The illite is densely compacted, with most of the micropores filled by amorphous 
organics and occasionally by calcium sulphate. Averaging to < 10 µm in size, however, can 
stretch up to 100-200 µm long and 10-30 µm wide due to compression. Most of the observed 
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flaky are aligned parallel to the general direction of the bedding. Under SEM, Illite is present 
in four different forms. These are as: (1) pore bridging (Fig 5.28B), authigenic filamentous 
habit that, in some instances, extend out from the edges of earlier platy diagenetic grains (Fig 
5.25B); (2) platy detrital grains; (3) smaller platy grains (Figure 5.25 & 5.26), thought to be 
diagenetic; and (4) tightly packed arrangements of platy morphology.  
Two types of pores observed interpreted to be due to the results of illite recrystallization: (1) 
organic pores and (2) inorganic pores. The inorganic pores result from incomplete 
recrystallization, do not only occur around illite, however, and is observed between two 
authigenic grains. Some illite spores were filled by quartz and albite. Illites in the sampled 
carbonaceous shales, of Whitehill Formation, are parallel to bedding, while illites from 
Collingham Formation are randomly oriented. The illite, however, is more closely packed 
further limiting the porosity of the shales. The composition of illite based on EDX appears 
uniform within and between samples with different textures exhibiting high Si, Al, K, Mg, 
Fe, and O ± Na. Illite still coexists with chlorite as pore-filling clay minerals. In LT10 of AB 
section, small grains (in nm) of barite are observed within the illite matrix (Fig 5.26 & 5.28). 
 
 
Figure 5. 25. Photomicrographs of mixed clay minerals. (A) The clay matrix exists as pore 
filling around quartz grains and organic pores at X2500 magnification. (B) At X9000 
magnification, the dissolution between authigenic quartz and albite. Albite is 
occurred mostly around clay minerals, as a secondary pore filling generated by K-
feldspar dissolution. 
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Chlorite  
Chlorite occurs through the section of all the studied samples. The proportion ranges from 
0% to 10%. Under SEM, chlorite occurs as a detrital grain (Figure 5.29A), as replacement of 
micas and as a pore-filling mineral (Figure 5.25 & 5.26). EDX indicate that chlorite occurs in 
two different types of chemical composition, as Fe-chlorite and Mg-chlorite (Figure 5.25B).   
 
Figure 5. 26. Photomicrographs of SEM showing clay minerals dominated by chlorite. (A) 
detrital/early diagenetic chlorite highly corroded. (B and C) Chlorite altering into 
illite, by a form of dissolution. The diagenetic processes lead to plate Illite-chlorite 
coating around quartz grains. (D) Late diagenetic chlorite and illite as a flaky pore-
filling mineral. 
Two generations of chlorite were observed. Grain-coating chlorites consisted of curved, 
irregular crystals plates formed early in diagenesis, to preserve the primary porosity of the 
shales. The second generation is the diagenetic pore-filling chlorites, consisting of platy 
crystals, and in clusters occurring throughout the sequence of the Lower Ecca Group. 
Chlorites tend to replace detrital grains. The grain-coating chlorite is very distinctive, have 
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grown perpendicular onto the host grains and forms an isopachous rim of cement < 10 µm in 
thickness. The coating is much observed in detrital quartz. The cement is particularly 
conspicuous where dissolution of minerals created a void between the cement and the host 
grain. Chlorite is associated with illite. Chlorite and illite occur as coatings that preserve the 
porosity by inhibiting quartz cementation. Illite/chlorite coating can be very effective in 
preventing the quartz cementation and thereby help to preserve the primary porosity (Figure 
5.28D). Illite occurs mostly along with the organic matter and pyrite while chlorite occurs 
mostly around quartz and feldspar minerals.  
D. Organic Materials 
Organic material in the form of disseminated particles is locally abundant; however, some are 
misleading because there are pores filled by epoxy. The organic material pores/organic pores 
occur in all samples and are restricted to the unstructured, amorphous organic matter. Two 
types of organic pores are observed, texturally resulting in an appearance of a sponge, (1) 
abundant tiny pores in the 10 nm average (foam pores) and (2) a superimposed small 
population of larger pores (bubble pores) in the 100nm average size (Figure 5.27). They 
mainly take the shapes of subsphaeroidal, ellipsoid, concave and silt. Most of the tissues are 
preserved as dark films and when EDX is performed on them they show a high amount of 
carbon, which may also be influenced by resin as aforementioned in methodology. Some of 
the structures that resemble fossils skeleton, when EDX is performed on them shows high 
variable of Fe-content, to some extent, Ca and S. the organic pores in shales, formed during 
thermal cracking hydrocarbon generation of organic matters, mainly occur between and 
inside the organic matter grains. These organic pores are of great significance to the 
generation and accumulation of shale gas. 
E. Pores structures 
Shales have complex origins and diverse types and have smaller pores diameters (micro-nm 
scale). Pores observed were classified into types based on the size, shape and origin. All 
pores are well illustrated on the true map performed on the samples.  
i. Organic pores 
Organic pores are one of the common pores observed in the shale matrix influenced by the 
type of organic materials involved. Characterised by ellipsoidal, concave and subsphaeroidal 
shapes. However, other pores are irregular in shapes due to burial compaction (Figure 5.26-
5.28). Organic pores occurred between and inside the organic matter grains probably formed 
during thermal cracking of hydrocarbon generation of organic matter. 
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Figure 5. 27. Photomicrograph of SEM showing the distribution of amorphous black organic 
pores. 
ii. Inorganic pores 
Intragranular pores - are not so common; they are observed only in a small portion in the 
samples. The pores are associated with the transformation of chemically unstable minerals 
like illite and chlorite into illite/chlorite mixed layers and were due to burial and depositional 
environments. Burial initiates clay compaction by expelling free water and reducing the 
intergranular spacing. Rearrangement of particles and grain alignment then reduces porosity 
further. 
Intergranular pores - are the second dominant pores in these shales. Occurred at the contact of 
mineral grains. Results from incomplete cementation of grains or late diagenetic 
transformation. Characterised by elongated and polygonal shapes. Observed around clay 
minerals, authigenic quartz, and detrital minerals. 
Dissolved pores - are formed from dissolved minerals like feldspars and carbonate. Far way 
less common in this matrix, however often it describes pre-existence of calcite (Figure 
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5.24C&D). 
 
Figure 5. 28. Secondary SEM photomicrographs of organic structures observed within the 
black shales of SP 1/69. (A) A spinal shaped like organic structure with illite filling 
the open fractures or space between the spinal bones. (B) An increased magnification 
by x3 000 of image A. (C) Starfish-like organic structure preserved within the shale 
matrix. (D) close up look at a magnification of x2500 of an organic structure in image 
C. (E) Magnification of image D by x10 000, indicate framboidal pyrite within the 
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structure. (F) Pyritic formation within the organic structure while preserving the 
primary structure of the organic material. The pyrite occurred as pore filling of the 
organic structure forming structure-like Africa map. PRXN– pyroxene; ILL– illite; 
ALB-albite; APT-apatite. 
5.1.3. Geochemistry 
This section reports the inorganic geochemistry compositional data obtained from XRF and 
laser ablation-ICPMS analysis. Samples include the black shales of the lower Ecca 
formations from three Soekor Boreholes namely SP 1/69, QU 1/65, AB 1/65. The 
compositional data reported in this section are used to elucidate some of the syn-or-post 
depositional processes. This study reports variations in major and trace elements, including 
paleoredox proxies, and those used to estimate paleoproductivity, nutrient availability and 
assemblage of primary producers in the depositional environment. 
The geochemical signature of black shales results from the combined input of detrital 
sedimentary materials as well as enrichment or depletions acquired from pore water, 
biological activity and during diagenesis. Subsequent metamorphism or metasomatism may 
also be factors that affect the composition of these rocks, which is attested by the 
chlorite/illite clay minerals (see 5.1.2.2).  The major and trace element reservoirs or sources 
in the rock are typically characterized as detrital, biogenic and authigenic. Each source 
fraction contains a characteristic suite of elements that indicates or signals the degree to 
which each source contributed to the number of accumulated sediments. In other words, 
certain elements serve as primary indicators of each source. The whole data report is found in 
Appendix A. The compositional data is compared with shale results by other authors across 
the Karoo Basin and the world and this data is attached in Appendix A. This include 
comparison to the World Shale Average (Turekian and Wedepohl (1961), the Cody Shale 
(SCO-1) (Govindaraju 1989) and other Soekor boreholes by Chere et al. (2015) etc. 
5.1.3.1. Major Elements 
The whole-rock geochemistry of major elements values for SP, QU and AB samples is 
reported in Table 5.1 as oxides. The loss of ignition is also included in the data reported 
below. Moisture water H2O
-
 and LOI is reported only on samples that were prepared as fused 
disks. Since moist water is reported therefore LOI represent various compounds and minerals, 
(i.e. micas, amphiboles, CO2, organic matter, bound water). Samples without LOI and H2O
-
 
had high sulphur content and therefore were analysed using pressed pallets. The sulphur 
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content was inferred from the core logging and SEM analysis. All the samples have a 
relatively high concentration of SiO2, ranging from 49.32 to 68.90 wt %. Backscatter images 
showed the distribution of angular-subangular to rounded-subrounded quartz grains 
throughout the samples. The Al2O3 content and total Fe2O3 are moderately high in all the 
samples ranging from 13.5 to 18.7 wt % and 3.4 to 12.0 wt %. During the fieldwork and SEM 
analysis, SP 1/69 samples indicated more pyrite aggregates compared to other sections and 
the geochemistry data in Table 5.2 affirms this enrichment. In contrast, MgO content is low 
across all the samples ranging from 1.1 to 6.1 wt %.  LT06A of QU section has both high 
MgO and CaO content because of the carbonate veins observed under SEM (see Fig 5.24). 
The broad anti-correlation of Fe2O3 and MgO is likely a reflection of variations in the 
protolith, CaO is highly variable: in two of the boreholes, CaO is strongly depleted compared 
to the global average, with SP 1/69 and AB 1/65 containing only 20-50% of the average 
concentration. In contrast, SP1/69 is enriched in CaO by about 40%.  
Na2O is depleted in QU and AB sections compared to SP section. The depletion of Na2O in 
these two boreholes can be attributed to a relatively smaller amount of Na-rich plagioclase. 
EDX attested the enrichment of albite across SP section that the other two boreholes. The 
K2O content is relatively high compared to Na2O ranging from 1.7 wt % to 4.2 wt %. K2O is 
constituted highly in illite and occasionally in K-feldspar. Dissolution and/or albitization of 
K-feldspar was observed under SEM (see Fig 5.18B). The concentration of TiO2 and P2O5 are 
generally low ranging from 0.22 to 0.77 wt % and 0.08 to 5.2 wt %. The high P2O5 
concentration of 5.2 wt % is probably due to the apatite and occasionally monazite observed 
in this sample under SEM. High concentration of TiO2 was expected in the SP section due to 
the distribution of titanite observed in SEM 5.1.2.2 section. However, the SP section has the 
lowest TiO2 content compared to other boreholes 
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Table 5. 2. Major elements of the lowermost black shale samples obtained from the SP 1/69, 
QU 1/65 and AB 1/65 Soekor boreholes.  
SK-B S ID SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 H2O- LOI 
    (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) 
SP
 1
/6
9
 
LT01 54.12 0.41 17.57 9.42 2.28 0.97 1.26 3.37 0.42     n.d    n.d 
LT02 55.91 0.34 17.88 8.60 2.93 1.08 1.49 3.22 0.55     n.d    n.d 
LT03 55.99 0.22 13.52 9.70 1.79 1.33 1.02 2.44 0.47     n.d    n.d 
Mean 55.34 0.32 16.32 9.24 2.33 1.13 1.26 3.01 0.48     n.d    n.d 
SD 1.06 0.10 2.44 0.58 0.57 0.18 0.24 0.50 0.06     n.d     n.d 
Q
U
 1
/6
5
 
LT04A 64.54 0.71 17.83 7.40 1.45 1.31 0.82 2.94 0.67     n.d     n.d 
LT04B 54.22 0.57 14.53 7.71 1.38 7.25 0.89 2.19 5.18 0.48 4.34 
LT05A 63.05 0.58 14.67 9.37 1.78 0.74 1.00 2.04 0.31 0.43 4.88 
LT05B 60.60 0.66 14.77 11.40 1.79 0.91 1.04 2.31 0.31 0.50 5.29 
LT06A 49.32 0.56 13.76 6.50 6.14 10.53 0.99 2.57 0.16      n.d      n.d 
LT06B 61.05 0.72 18.73 7.11 1.47 0.39 0.91 3.27 0.10 0.42 4.58 
Mean 58.80 0.63 15.71 8.25 2.33 3.52 0.94 2.55 1.12 0.46 4.77 
SD 5.83 0.07 2.04 1.82 1.87 4.30 0.08 0.47 2.00 0.04 0.41 
A
B
 1
/6
5
 
LT07 64.90 0.63 14.75 6.51 1.07 0.70 0.53 2.49 0.46 0.71 6.28 
LT08A 59.50 0.72 17.41 6.15 0.98 0.43 0.94 2.29 0.23 1.25 8.89 
LT08B 58.47 0.59 15.24 11.96 1.93 0.70 0.59 1.66 0.15 0.76 6.65 
LT09 68.90 0.49 14.71 3.43 1.41 0.36 1.96 2.63 0.08 0.55 4.35 
LT10 59.89 0.59 18.50 7.42 2.12 0.40 1.77 4.16 0.14 0.32 3.93 
LT11 57.57 0.61 16.51 11.80 1.91 0.44 0.70 1.81 0.18 0.76 6.83 
Mean 61.54 0.60 16.19 7.88 1.57 0.50 1.08 2.51 0.21 0.72 6.16 
SD 4.42 0.07 1.56 3.37 
 
0.49 0.15 0.63 0.89 0.13 0.31 1.81 
n.d- not detected 
5.1.3.2.Trace Elements 
The trace element compositional comparison of three Soekor boreholes is shown in Table 
5.3. The trace element compositions are quite variable within the three Soekor boreholes but 
still comparable with other average compositions such as world average shale. The 
concentration of transitional trace elements like Mo, Sc, V, Cr and Zn range from 0.4 to 11.6 
ppm, 13 to 20 ppm, 85 to 245 ppm, 47 to 435 ppm and 79 to 361 ppm, respectively. The large 
ion lithophile elements (LIL) like Th, U, Rb, Ba, and Sr vary from 12 to 19 ppm, 3.7 to 7.3 
ppm, 101 to 220 ppm, 564 to 2056 ppm and 134 to 424 ppm, respectively. Moreover, the 
content of high field strength elements (HFSE) such as Zr, Y and Nb vary from 119 to 243 
ppm, 6 to 165 ppm and 7 to 27 ppm, respectively. The complete whole rock geochemistry 
data is attached in Appendix A. SP 1/69 is strikingly rich in S and contains abundant Cr, V, 
Cu, Pb, Co and Th, which are higher than the other shales. It is also richer in Ni than the other 
Karoo boreholes sampled. 
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Table 5. 3. Whole-rock trace element geochemistry in (ppm) for black shales from three Soekor boreholes. 
SP
 1
/6
9
 
S ID Zn Cu Ni Mo Zr Sr Rb Th U Co Mn Cr V S Sc Ba 
  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
LT01 172 101 24 9.60 141 139 180 18 7.13 25 868 139 237 12742 18 873 
LT02 206 117 29 11.61 141 156 166 18 7.27 37 980 157 245 9664 20 759 
LT03 361 219 22 7.74 121 162 135 16 5.37 16 683 435 175 17068 14 614 
Mean 246 146 25 10 134 152 160 18 7 26 843 244 219 13158 17 748 
SD 101 64 4 2 11 12 23 1 1 11 150 166 38 3719 3 130 
Q
U
 1
/6
5
 
LT04A 139 159 21 2.32 196 151 164 17 4.93 29 2617 161 244 2283 16 1374 
LT04B 106 42 19 1.25 200 193 126 13 5.91 13 2274 55 85 405 19 2056 
LT05A 96 44 9 1.24 170 134 120 14 3.87 12 1475 68 94 414 17 666 
LT05B 120 62 8 1.29 197 149 123 16 4.34 13 1969 50 95 397 17 586 
LT06A 79 48 10 5.25 121 424 125 11 3.69 14 2161 142 200 7217 20 713 
LT06B 104 70 5 0.57 243 158 183 19 5.97 8 1641 47 105 323 19 784 
Mean 107 71 12 2 188 202 140 15 5 15 2023 87 137 1840 18 1030 
SD 21 44 6 2 40 111 26 3 1 7 421 50 67 2742 1 577 
A
B
 1
/6
5
 
LT07 99 80 16 2.37 158 135 129 14 4.35 10 719 62 101 463 15 609 
LT08A 101 38 18 1.82 199 243 127 17 5.27 13 1325 74 112 537 15 722 
LT08B 88 37 19 2.11 141 153 101 17 4.06 18 2004 66 90 510 15 564 
LT09 112 100 6 2.34 126 148 136 12 4.62 8 1050 54 86 645 13 711 
LT10 130 57 13 0.37 119 161 220 14 3.85 20 711 57 124 351 19 699 
LT11 86 35 18 2.20 161 195 109 18 4.84 16 1752 62 96 683 15 610 
Mean 103 58 15 2 151 173 137 15 4 14 1260 63 101 532 15 653 
SD 16.4 26.8 4.8 1 29.2 40.0 42.9 2.4 1 4.5 536.4 7.0 14.2 121.3 2.1 66.1 
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5.1.3.3.Comparison between the three deep boreholes and documented compositions 
The compositional data of SP 1/69, QU 1/65 and AB 1/65 is compared to shales and 
mudstones of several basins in the world including the Karoo Basin. The data used is 
obtained from comparison to the World Shale Average from Turekian and Wedepohl (1961); 
the Cody Shale (SCO-1) from Govindaraju (1989); Peru margin data from Böning et al. 
(2004); Namibia mud lens data from Borchers et al. (in press); Mediterranean sapropel data 
from Warning and Brumsack (2000); Black Sea data from Lüschen (2004); LA 1/69 and KL 
1/65 Soekor boreholes from Chere et al. (2015); Tanqua Karoo Basin from Andersson et al. 
(2004) and lastly SFT 2 from Black et al. (2015). 
In Fig 5.29, the majority of the compositional data in this study and the aforementioned data 
are plotted versus Al2O3, which is generally assumed to reflect the aluminosilicate (detrital) 
component in the sediment. Silica versus aluminium oxide shows a positive correlation 
among all samples, with the data of this study lying toward the Al-rich end of the trend, close 
to the WSA. The three boreholes in this study have similar concentrations of SiO2, Al2O3, 
TiO2, Fe2O3, MgO, K2O, Na2O and P2O5 to the WSA, SCO-1, LA 1/69, SFT 2 and T1. One of 
the QU 1/65 samples has unusually high P2O5 content which is correlated to high apatite 
content and the late diagenetic monazite as observed in SEM petrographic analysis. The high 
apatite content is of early diagenesis and perhaps is due to an unusual accumulation of 
biogenic materials. Monazite occurs as a replacement of apatite.  With the exception of one 
sample, the shales of the present study have lower MgO and Ni relative to their Al2O3 
contents than most of the data plotted from the literature, suggesting a relatively lower mafic 
detrital input. They are also depleted in K2O, plotting below the global correlation with 
Al2O3. In contrast, they are relatively enriched in MnO content. The three analyses from 
borehole SP1/69 are strikingly depleted in TiO2 relative to Al2O3 compared to all other 
samples. This observation is noteworthy in the light of the unusual occurrence of large 
poikilitic grains of titanite (sphene) in some samples from this section. These observations 
suggest the mobilization, recrystallization, and partial removal of Ti. 
Karoo black shales have similar in SiO2, Al2O3, Fe2O3, TiO2, MgO, K2O, Na2O and P2O5 to 
BSU 1, BSU 2, Med and PM1 with distinctly higher Al2O3. This indicates a completely 
different source of material to that of the boreholes of this study.  All the shales except the 
BSU 1, Med and N1 show more or less similar behaviour in CaO content, namely the lack of 
correlation with Al2O3. Black Sea Unit 1 and Mediterranean sapropels have the highest CaO 
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content compared to all the basins. The trace elements are normalized against Al % in Fig 
5.30. Th, Zr and Mn show a positive correlation with Al because they are all derived from 
terrigenous sources.  Co shows little to no correlation with Al for QU and AB section and 
other basins, however, a moderate correlation for SP section is observed with r
2
> 0.50. Ni,   
Zn, Cu and S normally considered to be of biogenic origin tend to shows little to no 
correlation with Al. If these elements are partial of detrital origin then the lack of correlation 
may indicate disturbance by post-depositional processes such as metasomatism. 
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Figure 5. 30.  Binary plots illustrating the distribution of trace elements of the Karoo black shales and of various basins against Al2O3. 
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5.1.3.4.Compositional controls on shale geochemistry: clay and detrital mineral 
proportions. 
The Ca-Al-Si ternary diagram in Figure 5.31 allows comparison of the major mineralogical 
components present in the formations: clay, silica (quartz and amorphous silica), carbonates, 
and their variation in the core. The diagram uses a normalized weight percentage of CaO, 
Al2O3, and SiO2 as follows: SiO2, 5 x Al2O3, 2 x CaO (after Brunsack, 1989 diagram). The 
sample distribution plots on the clay and silicates area and this affirms to what has been 
observed under SEM that the samples are more enriched in clay minerals represented by 
Al2O3 and silica minerals such as quartz. There is no defined trend. The quartz remains 
between 40-60%, while clay is 80-95% and carbonates less than 20%. 
 
Figure 5. 31. Indicate the black shales are derived from the aluminosilicates and indicate 
fewer carbonates derived provenance. 
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5.1.3.5.Elemental geochemical proxies 
Major and trace elements are useful in tracing the depositional and diagenetic processes. The 
chemical composition and elemental ratios have turned out to become appropriate proxies for 
determining the source of the sediments, paleoproductivity, depositional redox conditions and 
diagenesis. The distribution of these elements is very sensitive to water depth, salinity and 
oxygen level. Most authors (see McManus et al., 2005, Tribovillard et al., 2006) in 
attempting to reconstruct the paleo-depositional redox prefer the multi-proxy approach. This 
is because no one-proxy approach can offer definitive evidence of paleoredox conditions, and 
because trace element values may vary geographically and through geological time based on 
a multitude of variables (e.g. lower Mo values in the Proterozoic, Scott et al (2008)).  
A. Detrital component 
The first step is to distinguish between elements that are of detrital origin from the authigenic 
elements, namely those that are derived from the seawater and thus useful as paleoredox 
indicators.  The plot of trace and major elements against aluminium (along with TiO2 and Th) 
is a useful aid in identifying elements that are of detrital origin because Al is hosted 
principally detrital minerals such as clays and feldspars. A strong correlation between a trace 
element and Al is a signal that the particular trace (or major) element is contained in the 
detrital fraction.  
In Fig 5.29 the major elements are plotted versus Al2O3. Thus, the correlation coefficient with 
Al is used to delineate as much as possible trace elements of possible detrital origin. Al2O3 
and TiO2 have strong correlation with (r
2 
values > 0.80) in SP 1/69 and QU 1/65, whereas for 
AB 1/65 there is little or no correlation with (r
2 
= 0.20). Little to moderate correlation is 
observed for SiO2, Na2O and P2O5 across the boreholes with (r
2
 values 0.05-0.39). There is a 
moderate to the strong correlation of Al2O3 with Fe2O3, MgO and CaO for SP 1/69 with (r
2 
values 0.55-0.85), and as for QU 1/65 and AB 1/65, no correlation to moderate correlation is 
observed with (r
2 
values 0.01-0.39). Al2O3 and K2O have a strong correlation with (r
2
 values 
0.74-0.96) for SP 1/69 and QU 1/65, whereas for AB 1/65 have a moderate correlation (r
2
 
values of 0.33). 
In Fig. 5.30, the trace elements are normalised to aluminium percentage (Al%). The 
coefficient of determination is to assess quantitatively the correlation between the trace 
element plotted against Al. A plot of Th against Al is a good example that shows Th is an 
element held almost exclusively in the detrital fraction, as an excellent correlation is observed 
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in SP 1/69 and QU 1/65 with (r
2
values 0.75-0.99). However, no correlation between Al and 
Th is observed in AB 1/65 with (r
2
 value of 0.10). This may suggest a disturbance of the 
original positive correlation by remobilization of one or more of these elements. The data 
shows that  Zr, Zn, Cr and Co shows a strong correlation with Al (r
2
  values > 0.70) for SP 
1/69;  and little to the moderate correlation for QU 1/65 (r
2
 values 0-0.57); and little to no 
correlation for AB 1/65.  V shows a strong correlation with Al (r
2
 value >0.70) for SP 1/69 
and AB 1/65 and no correlation for QU 1/65. Amongst the most important paleoredox-
indicating candidates, V shows a strong correlation with Al in SP 1/69 and AB 1/65, which 
suggests that it is entirely or almost entirely of detrital origin, therefore limiting its uses as a 
paleoredox indicator.  
To assess the extent for correlation between all elements, a matrix coefficient correlation for 
major and trace element is presented in Table 5.4. A significant correlation between elements 
exists either as positive or negative. As aforementioned Al2O3, TiO2 and Th are useful to aid 
in identifying detrital elements, however, other elements show a negative or positive 
correlation with other elements that are bound to mineral forming. A similar instance of a 
good positive correlation between MgO and CaO, which are likely bound in carbonate. 
Elements that have a positive correlation with Al2O3 are K2O, Rb and Th respectively with no 
negative correlated elements. TiO2 correlate positively with Mn and/or MnO and Zr, and 
negatively with Cu, Pb, Cr and strong correlation with S and Zn. Th correlates positively with 
Al2O3 and Fe2O3, and negatively with CaO.  
The lack of expected correlations between elements normally of common detrital origin in 
these boreholes suggests that these relations may have been disturbed by post-depositional 
processes such as metasomatism or some other form of hydrothermal alteration that 
redistributed the aluminium or detrital fractions. Sr shows a strong positive correlation with 
MnO and CaO. Rb indicates a strong correlation with K2O (0.98) and to a lesser extent with 
Na2O (0.55). The elements CaO, MnO, K2O and Na2O represent paleoproductivity but they 
can be deposited as detrital hence their positive relationship with detrital elements. Trace 
elements that undergo pyritization namely Cu, Ni, Pb, Cr and Zn show a positive correlation 
with sulphur except for MnO, which shows a negative correlation, suggesting that it does not 
form a sulphide phase.  During the depositional process, any dissolved hydrogen sulphide can 
combine with trace metals, reducing them to form metal sulphides as long as the conditions in 
the burial environment remain reducing (Tribovillard et al., 2006). Amongst the most 
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important paleoredox-indicating candidates, Ni, Pb, Co, Cr, Ni, and Mn all correlate with V. 
Barium strongly correlates with P2O5 because they are related to paleoproductivity and are 
not typically deposited as detritus hence they can be very useful in depicting the 
paleoproductivity. The assessment of Ba as a paleoproductivity proxy is not yet quite 
resolved. The ternary diagram of V-Ni-Th*10 (Figure 5.32) indicates that the Karoo shales 
and the shales from other mentioned basins are derived mainly from felsic source rocks as 
expected from the surrounding geology at the time of deposition.  
 
 
Figure 5. 32. V-Ni-Th*10 ternary diagram for the Ecca black shales in the study and the 
shale of selected various basins. The background field after (Bracciali et al., 2007). 
111 
 
 
Table 5. 4. The correlation coefficient matrix for major and trace elements. The benchmark scale is as follows:  Strong correlation (> 0.80); 
good correlation (0.50-0.79); moderate correlation (0.40-0.50); little correlation (0.20-0.40); no correlation (<0.20). The negative sign 
indicates a negative correlation may or may not possibly trend towards linearity.
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B. Paleoweathering conditions 
The source rocks undergo chemical weathering and the intensity is controlled by the 
composition of the source rock, duration of weathering, climatic conditions and rate of 
tectonic uplift (Wronkiewicz and Condie, 1987). Authors like Bhatia and Crook, (1986) and 
Condie (1987) have documented that easily altered materials in the upper crust are composed 
of feldspars and volcanic glass. Clay minerals resulted from chemical weathering of these 
labile materials. During chemical weathering processes Ca, Na and K are largely removed 
from the source rocks and the amount of these elements surviving in sediments derived from 
the labile materials serve as an indicator of the intensity of chemical weathering. (K2O + 
Na2O) and K2O/ Na2O ratio should be considered as intensity reliable indicators of the source 
material weathering. Indices of weathering have been proposed in order to determine the 
degree of source rock weathering. The proposed indices are based on the molecular 
proportions of mobile and immobile element oxides (Na2O, CaO and Al2O3). The indices of 
alteration include a chemical index of alteration (CIA). 
A useful way of interpreting the paleoweathering and tectonic history of the rock is a 
chemical index of alteration which is defined as follows: 
CIA = {[
Al2O3
Al2O3+CaO∗+Na2O+K2O
] x 100} values are expressed as molar proportions and 
CaO
*
 represent CaO present in silicate minerals only. The value of the CIA gives a measure 
of the ratio of primary minerals and secondary products. CIA values increase with increasing 
weathering intensity, ranging from almost 50 in case of fresh rocks/samples to 100 for 
completely weathered rocks in which all-primary silicates are converted to clay. Taylor and 
McLennan (1985) reported CIA values of 65 and 75 for average shale. 
The SP 1/69 carbonaceous shales have CIA values ranging from 74 to 76 with an average of 
75.1, QU 1/65 carbonaceous shales have CIA values from 49 to 80 with an average of 70.5 
and AB 1/65 carbonaceous shales have values from 75 to 85 with an average of 80.1. SP 1/69 
shows moderate weathering, while both AB 1/65 and QU 1/65 exhibit a more intense 
chemical weathering of the source rock. The high values of the index approaching 90% 
indicate extensive conversion of feldspar to clay. This is also observed under SEM where less 
of K-feldspar is observed and more of illite observed. Illite is a different mineral (a variety of 
cordierite). 
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C. Trace element ratios 
Vanadium, Uranium and Molybdenum are the three most widely used and agreed-upon trace 
elements that show value as indicators of paleo-depositional redox (Emerson and Huested, 
1991; Tribovillard et al., 2006). These are elements whose solubility and mobility in 
sedimentary systems is strongly affected by their redox state. Other trace elements are used as 
well: Rhenium (Crusius et al., 1996; Morford and Emmerson, 1999), Zinc (Algeo and 
Maynard, 2004), and Ni and Pb (Cruse and Lyons, 2004) in addition to V, U and Mo (see 
Tribovillard, 2006 and references therein). Examples of element ratios commonly used 
include Ni/Co, V/Cr, Mo/Al (Jones and Manning, 1994; Rimmer, 2004; Riquier, 2006; Ross 
and Bustin, 2009); Mo/U (Tribovillard et al., 2009; Tripathy et al., 2014); and V/Mo, Cd/Cu, 
Mo/Cu, U/Th (Piper and Calvert, 2009) (see Chapter 2, section 2.1.3).  
The use of trace-element ratio indices Ni/Co, V/Cr, V/(V + Ni), U/Th, V/Mo, Cu/Mo and the 
enrichment factor (EF) have been used in several studies to evaluate paleoredox conditions in 
sediments and as for carbonates Mn/Sr ratios  is used (e.g., Hatch and Leventhal, 1992; Jones 
and Manning, 1994). Jones and Manning (1994) suggested that Ni/Co ratios < 5 inferred oxic 
conditions, 5 – 7 dysoxic conditions, and >7 suboxic to anoxic conditions. V/Cr ratios of < 2 
are also used to infer oxic conditions, 2–4.25 for dysoxic conditions, and >4.25 for suboxic to 
anoxic conditions. High U/Th ratio of (>1.25), suggest anoxic conditions and below (, 0.75) 
is associated with oxic conditions.  
Table 5. 5. Paleoredox conditions indicator for the Ecca carbonaceous shales. 
A single ratio cannot be applied to deduce the paleoenvironmental conditions for these shales 
as compared to multiple ratios. The averaged elemental ratios in Table 5.5 indicate that all the 
boreholes experienced similar environmental settings of oxic-suboxic conditions. V/Mo ratio 
was used by Piper and Calvert (2009) and found that V/Mo for the Black Sea was (1.5) and 
Cariace basin to be (0.65) and seawater-derived value of less than 1. Further suggested that 
V/Mo between 2 and 10 indicate oxic to suboxic bottom water, beyond 10 represent anoxic 
Borehole ID Ni/Co V/Cr V/V+Ni U/Th V/Mo Conditions 
SP 1/69 1.02 1.22 0.90 0.37 9.57 Oxic-suboxic 
QU 1/65 0.80 1.66 0.91 0.32 66.11 Oxic-suboxic 
AB 1/65 1.09 1.09 0.87 0.29 79.99 Oxic-suboxic 
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bottom water conditions while values less than 2 indicate oxic conditions.  In the Karoo, only 
the shales of SP section values are between 8 and 10, whereas the QU and AB sections have 
values above 10 up to 293.84. Mo and U show no correlation with Al, which shows no 
association whatsoever with the detritus sources (see Fig 5.33). Mo concentrations are higher 
than that of average shales and this type of relation suggests significant seawater source. 
 
Figure 5. 33. Binary plots of Mo and U in ppm against Al% showing less to correlation. 
D. Enrichment Factor (EF)  
The trace element Enrichment Factors (EF) (Algeo et al., 2003; Brumsack, 2006; Riquier, 
2006; Ross and Bustin, 2009) describe the degree to which an element is enriched compared 
to an average shale, usually the values presented in Wedepohl (1971) as World Shale 
Average from accumulated data in the literature. The enrichment factor (EF) is defined as the 
minimum factor by which the weight percent of mineral in a rock is greater than the average 
occurrence of mineral in the Earth’s crust. EF in this section indicates the element 
concentration enrichment relative to the corresponding concentration in average shale (the 
average values adopted from Wedepohl, 1971). EF is calculated by the following formula: 
EF = [(Xelement/Al)sample]/[(Xelement/Al)average shale] 
The EF method assumes of the fact that the average shale composition is derived from 
normal, oxic marine basins so that enrichments or depletions of redox-sensitive elements 
relative to this composition potentially represent changes in redox conditions. Enrichment 
factors of selected trace elements are plotted in Table 5.6. 
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Table 5. 6. The enrichment factors (EF) of selected trace elements of the Ecca carbonaceous 
shales. 
TE V Zn Co Cu Ni Mn Pb Cr Mo U 
SP1/69 EF 1.71 2.80 1.37 3.51 0.50 1.01 2.46 3.01 2.96 bd 
QU1/65 EF 1.20 1.18 0.84 1.63 0.27 2.54 1.06 1.12 bd bd 
AB1/65 EF 1.11 0.80 0.76 1.36 0.31 1.54 1.26 0.72 bd bd 
 
Nickel show depletion with EF < 1 compared to the average shale in all three boreholes. Zn, 
Co and Cr show enrichment compared to the average shale with EF> 1.  Moreover, V, Cu, 
Mn and Pb have EF> 1, thus show enrichment compared to the average shale in all three 
boreholes. Mo is modest (EF>2) extending up to 10 in individual samples. Elements showing 
depletion compared to average shale may be explained by depletion of these elements in the 
source terrain from which they are derived and relatively short marine residence times. 
Enrichment of Mn EF > 1 shows oxic paleoredox conditions (Rimmer, 2003). The depletion 
or enrichment like the Mo, U, Pb and Zn in the Karoo shale must be treated delicately 
because such cases, enrichment of trace elements is not as unambiguous as it may be when 
EFs are orders of magnitude greater.  
The EFs in Karoo shale are interpreted as realistic enrichments or depletion due to the 
depositional redox conditions or factors because the coefficient of variation for Al is small in 
Karoo samples. Therefore, interpretation using the relative amount of enrichment over 
stratigraphic intervals (see Figure 5.34) helps eliminate any bias that may be introduced as a 
result of normalization. The elements Co and Ni depleted compared to average shale may be 
explained by their depletion in the source terrain. The modest enrichment of U and Mo may 
be interpreted to represent conditions during the time of deposition that favoured removal to 
the sediment in relatively small quantities that were neither oxidizing nor extremely 
(euxinic). 
bd- below detection limit 
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Figure 5. 34. Enrichment factor for selected trace elements plotted against depth. The black 
dash represents an enrichment factor of 1. The results are compared to the World 
Shale Average (Wedpohl, 1971). 
In consideration of the ratio of EF of the Mo/U may mostly likely explain these modest 
enrichments when compared to modern seawater. The ratio, EFMo/EFU, has been widely 
explored by Algeo and Tribovillard (2009) and Tripathy et al. (2014) based on the 
assumption that redox conditions will deferentially pull down Mo and U according to the 
degree of anoxia or euxinia (Black Sea) in the depositional environmental setting. In the 
euxinia type of setting Mo is more effectively removed compared to U and is fixed in the 
sediment as a result of the molybdate-thiomolybdate switch (as described in Chapter 2; 
subsection 2.1.3). Whereas in the anoxic setting U is preferentially removed compared to Mo 
from the seawater. The modern marine ocean EF Mo/U value is 7.5 (Tribovillard et al., 2009) 
and reference therein). Thus under suboxic/anoxic setting, the Mo/U ratio will be lower than 
those deposited under euxinic conditions.  
In Fig 5.35, the EF ratio of Mo/U for Karoo shales compared to the modern seawater. The EF 
ratio of Mo/U for Karoo shales of boreholes QU 1/65 and AB 1/65 is ~ 1, indicative of 
preferential U removal over that of Mo in suboxic to anoxic bottom water conditions, 
whereas SP 1/69 shales are indicative of euxinia condition. 
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Figure 5. 35. Mo Enrichment Factor/ U Enrichment Factor cross-plot showing the 
relationship of Karoo values to that of modern seawater (1xSW). 
E. Iron and Sulphur geochemistry 
The analysis of iron can play a vital role in outlining the depositional environment of black 
shales. Iron availability controls pyrite formation; however, pyrite formation is not solely 
controlled by the availability of iron; it is also controlled by the availability of organic matter, 
i.e. the reducing potential of the sedimentary environment. Pyrite (FeS2) is common in 
organic sediment and is a sink for redox-sensitive trace elements like U and As that are co-
precipitated with or adsorbed onto Fe-sulphides (Huerta-Diaz and Morse, 1992). Hence, the 
presence of pyrite can be used as an indicator of paleoredox conditions during deposition of 
oxygen-deficient ancient black shale and modern sediment.  
The common uses involve determining the amount of Fe within the sediment that has been 
incorporated into pyrite, known as the degree of pyritization (DOP) represented in Table 5.7 
(Berner, 1970) (see Chapter 2, section 2.1.2.2). 
Values indicative of sediment redox conditions as follows are normally employed (Raiswell 
and Buckley, 1988): 
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Euxinic  DOP > 0.75 
Dysoxic  DOP 0.46-0.75 
Oxic   DOP<0.4 
Table 5. 7. Presents a comparison of total iron (TFe), unreactive iron (FeU), and reactive 
iron (FeR), as well as total sulphur (TS) and the calculated degree of pyritization 
(DOP). TFe is by XRF. The method outlined by Berner (1970) and Raiswell and 
Buckley (1988) determined the FeR contents. 
 
Table 5.7 indicates that SP 1/65 Permian carbonaceous shales indicate different depositional 
and diagenetic condition as to the QU 1/65 and AB /165 carbonaceous shales. SP 1/69 
carbonaceous shales comprise of high sulphur content compared to QU 1/65 and AB 1/65 as 
shown by Table 5.56. SP 1/69 Lower Ecca Group consist only of the Whitehill Formation 
and has the DOP average of 0.35, which mark a different environment to AB 1/65 and QU 
1/65.  AB 1/65 has average DOP of 0.71 and QU 1/65 have an average of 0.72, with standard 
Cores S-ID TFe (wt.%) FeR (wt.%) FeU (wt.%) TS (wt.%) DOP 
SP
 1
/6
9
 LT-01 6.5886 1.37 9.42 3.8778 0.21 
LT-02 6.0151 1.88 8.6 3.0585 0.31 
LT-03 6.8194 0.04 9.75 5.0151 0.01 
Q
U
 1
/6
5
 
LT-04A 5.1758 3.58 7.4 0.6912 0.69 
LT-06A 4.5449 3.61 6.5 0.0405 0.79 
LT-04B 5.3926 3.97 7.71 0.0414 0.74 
LT-05A 6.5537 5.73 9.37 0.0397 0.87 
LT-05B 7.9735 4.56 11.4 2.3064 0.57 
LT-06B 4.9729 3.35 7.11 0.0323 0.67 
A
B
 1
/6
5
 
LT-07 4.5533 3.43 6.51 0.0463 0.75 
LT-08A 4.3015 3.15 6.15 0.0537 0.73 
LT-08B 8.3652 6.22 11.96 0.0520 0.74 
LT-09 2.399 1.50 3.43 0.0645 0.63 
LT-10 5.1898 3.62 7.42 0.0351 0.70 
LT-11 8.2533 6.05 11.8 0.0683 0.73 
Mean 5.81 3.47 8.30 1.03 0.61 
Standard Deviation 1.65 1.76 2.36 1.68 0.24 
Standard Error 0.69 0.95 0.82 1.66 0.31 
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errors as shown in Fig 5.36, which suggest more or less the same depositional environment.  
 
 
Figure 5. 36. The degree of a pyritization bar graph with standard errors of each sample. 
5.2. Carbonate Concretions 
This section describes the fieldwork lithologies associated with the carbonate concretions 
found in the lower Ecca Group formation. 
5.2.1. Lithological description 
The carbonate concretions are located at Steytlerville-Jansenville area, 132 Km north-west of 
Port Elizabeth in Eastern Cape. The local name for these carbonate concretions is ‘Oliphants 
Klip’, which means elephant stones, due to their elephant skin-like texture when they 
weathers. There is a lack of information made around these carbonate concretions in the 
study area but rather are only mentioned of their existence by some of the authors such as 
Geel et al (2015), Almond (1996 and 2009).  
According to Pettijohn (1957)’s description, the word “concretions” should be used to 
describe the carbonates rather than nodules, because nodules composed of chert or flint 
usually have an irregular form and lack internal structure. Whereas concretions are usually, 
sub-spherical but may be discoidal or irregular when formed by the orderly arrangement of 
material in the interstitial spaces of sediment surrounding a nucleus. The concretions here in 
study commonly occur as boulders within the gypsum quarries and they vary in size from a 
-0.2
0
0.2
0.4
0.6
0.8
1
LT-01 LT-02 LT-03 LT-04ALT-06ALT-04BLT-05ALT-05BLT-06B LT-07 LT-08ALT-08B LT-09 LT-10 LT-11
DOP
120 
 
 
couple of centimetres to massive boulders. Gypsum occurs in the Cretaceous beds, which 
extend from Oudtshoom through Uniondale to near Uitenhage in Eastern Cape, South Africa. 
S.A Lime (Pty) Ltd and Pretoria Portland Cement Company Limited (PPC) is one of the 
companies known to quarry gypsum in the Eastern Cape. The gypsum in the quarries is used 
for cement production and for agricultural lime. Gypsum in the Ecca Group form as a result 
of iron sulphides (pyrite) originally precipitated within the oxygen-poor muds on the floor of 
the Ecca Sea weather under near-surface conditions (Almond, 2009). 
 
Figure 5. 37. The Google Earth Image of the field work. The image shows the white 
weathering of the rocks surrounded by the blackish rock of high organic content. 
In the study area (Fig.5.37), a thin cover of soil and pale, deeply weathered mudrocks cover 
Whitehill bedrock (black in colour due to its high carbon content). In addition to mudrocks, 
thin cherts, volcanic tuffs (ash bands) and large dolomitic concretions also occur (Toerien & 
Hill 1989, Johnson & Le Roux 1994). The latter contains the gypsum deposits that are and/or 
have been exploited commercially. Figure 5.73 shows the Google earth image of the study 
area with a cover of soil and pale, deeply weathered mudrocks cover Whitehill bedrock 
(black in colour due to its high carbon content (TOC =14%; Geel et al., 2015). The areas tend 
to lie close to the WNW-ESE syncline axis in the marine sediment of the lower Ecca.  
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In Fig 5.38, a geological and locality map outlined within the lower Ecca environment. Three 
of the study areas namely Mount Stewart (MNTS), Avondrus (AVON) and Brakfontein 
(BRAK) are within tight synclinal folding and resultant faulting. The folded areas result in 
large carbonate concretions whereas Vaaldraai (VAAL), with no major fault, have no sign of 
concretions. The concretions showed to occur parallel to the horizontal layers of the Ecca 
Shales. Three major folds verging southwest are observed in the study locality and all the 
folds are open (Fig 5.38). The predominant mechanism of folding has been noted to be 
flexural-slip folding especially in the Dwyka tillites (Newton, 1973). The Dwyka Group is an 
outlier, infolded long the synclinal axial plane.  Minor folds occur near the axes of major 
folds, probably associated with Collingham Formation. These are because Collingham 
formation shows less internal folding in comparison to the Whitehill Formation (Geel et al., 
2015). 
 
Figure 5. 38. A geological and locality of the southern part of the Karoo Basin between 
Steytlerville and Jansenville area. 
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5.2.1.1.Mount Stewart Quarry 
The Mount Stewart Quarry is situated about 27 km southwest of Jansenville Town and 30 km 
northeast of Steytlerville Town (S 32
o
 07
’
 43.0
’’
 E 24
o
 27
’
 09.6
’’
   Elevation: 688m) (Fig 
5.38). It is one of several locations in this region that were explored and mined for gypsum. 
Here, gigantic (~2m) disc-shaped concretion occur in a shallow quarry that has been 
excavated for gypsum. Several concretions remain in situ on pedestals of unexcavated altered 
shale (Fig. 5.39), while others have been removed during mining operations or later, and 
reside in the veld nearby. Two large concretions were sampled (NOD-1A and NOD-2B). The 
location consists of spherical, oblate and prolate concretions. The long axes of the concretion 
in Fig. 5.39, lay parallel to the bedding, however, tilted slightly at an angle less than 10
o
 to 
the plane of the bedding. However, there is no consistency in the tilting direction and angle of 
other observed concretions in the vicinity. 
 
Figure 5. 39. The in situ carbonate concretions at Mount Stewart overlying the white-grey 
weathered shales of Whitehill Formation with interlayering of yellow to red film 
between the laminae. Arrows show other concretions. 
A. Concretion 1 (NOD-1A) 
The concretion is a broken flattened irregular prolate spheroid with axial dimensions of 2 m, 
1m height and 0.5 m diameter. The concretion occurs in situ within weathered carbonaceous 
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shale and it is apparent that the minimum axial dimension is in the vertical direction. A thin 
skin (< 1 cm) of gypsum covers some parts of the concretion. The concretion has a dark grey 
appearance with its outer surface coloured in places by yellow and reddish stains, likely due 
to iron oxides and oxy-hydroxides precipitated by surface and/or groundwater. The internal 
structure of the concretion on the broken surface is characterised by two zones (or facies): (1) 
a coherent, solid outer region that varies from 1cm to 30 cm in thickness; and (2) a brecciated 
interior (Fig 5.39).  The outer regions of the concretion are crudely banded with three or four 
visible layers ranging from 5-10 cm in thickness. These are not smoothly concentric 
surrounding the brecciated nucleus but exhibit an irregular wavy bending on Fig. 5.40B. The 
brecciated centre of the concretion is composed of dolomitic mudstone fragments of different 
shapes, from irregular to angular-rounded cobble-sized fragment with calcite and quartz veins 
and/or cementation. Samples were taken from the centre of the concretion (breccia) and at the 
outer edges of the concretion. 
 
Figure 5. 40. (A) Dolomitic concretion (NOD 1) show that the core of the concretion is 
brecciated compared to the outer part that displays folded layers (B).  
5.2.1.1.1. Concretion 2 (NOD-2) 
The concretion indicates similar internal structure as NOD-1, characterised by the banded 
outer region and brecciated dolomitic mudstones in the core. The concretion is prolate 
spheroidal (l>t) in shape and extending to a height of 2.5 m, 0.9 m width and 0.5 m in 
diameter. The concretion is broken and the outer edge is tightly packed in layered form. The 
outer edge present laminae inherited from the host shales. Moreover, laminae show no 
obvious systematic changes in thickness across concretions, though locally they are wavy and 
occasionally faulted (see Fig 5.41).   
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The nucleus is made up of irregular, poorly sorted grains cemented by quartz and calcite. 
Calcite cement occurs almost entirely as tightly cemented concretions that make up roughly 
30% by volume of the mudstone (dolomitic) bodies. Calcite and quartz occur as cement 
filling in between the breccia fragments, and the outer bed's fragments of dolomitic 
mudstone, and in other cracks and fractures within the concretion. Vugs within the quartz 
veins contain well-formed quartz crystals up to 15 mm in length (Fig. 5.41). Both concretions 
show an extensive infiltration by quartz veins, which are more abundant in the centre of the 
concretions cementing the brecciated materials. The outer layers have fewer veins compared 
to the centre because the outer edge is tightly packed than the nucleus. The quartz crystals 
had time to crystallize into hexagonal crystal face as shown in Figure 5.41B. The quartz 
crystals range from 0.2-1.5 cm in size. 
 
Figure 5. 41. (A) Image of NOD-2 indicating the layering and the brecciated part of the 
concretion. The outer layers are folded and the brecciated materials are aligned in a 
vertical direction. (B) Quartz and calcite within the carbonate concretions. The 
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quartz crystals had enough time to grow to completely fill the spaces between layers, 
cracks, weak planes of the concretions. 
5.2.1.2.Vaaldraai Quarry 
The Vaaldraai Quarry is located (S 33
O
 10
’
 56.3
’’
E 24
O
 36
’
 01.5
’’
Elevation: 649 m) southwest 
of Jansenville and northeast of Steytlerville, 20 km southeast of Mount Stewart in the less 
deformed region with no major folding or faulting (Fig 5.38) at a similar stratigraphic level to 
Mount Stewart Quarry. The quarry consists of subspherical concretions and tabular carbonate 
beds within lower Ecca Group shales. Prince Albert and Whitehill Formations shows no 
major folding and no concretions but the carbonates occur as beds of dolomitic mudstone. By 
contrast, the Collingham Formation shows minor folding with in situ concretions; the 
concretions occur as flattened “ledges” protruding from the subvertical outcrop surface (Fig. 
5.42B). These carbonates occur as both spheroidal/ellipsoidal concretions and laterally 
extensive beds. The beds range from   ̴15 cm to   ̴40 cm in thickness and the concretions are 
oblate spherical to subspherical in shape with ̴ 1.5 m in thickness, length extend up to 0.5 m 
and the width ranging from 0.5 m to 2.5 m. The long axes of the concretions are parallel to 
the bedding to some extent, but they appear tilted as much as 15
o
 to the plane of bedding as 
seen in Fig 5.42. The tilted concretions subsides rather haphazardly into weak, 
unconsolidated sediments of the Collingham Formation. The beds are laterally continuous for 
over 50 m to the end of the excavation. The external surfaces of these beds are highly 
irregular and exhibit a pitted or “bored” appearance, as though subjected to a corrosive agent. 
Three samples were collected from this quarry (VAAL-A, VAAL-B and VAAL-C). 
A cross-section in Fig 5.43, illustrate the boundary between the grey, horizontally laminated 
black shales bed, carbonate beds and the carbonate concretions protruding as ledges. Gypsum 
crystals have developed internally within the cleavages of the shales to create a teeth-like 
structure.  The shale interbedded with gypsum crystals marks as the boundary before 
commencing of carbonate (dolomite) bed and/or concretions. The lowermost shales in the 
section differ completely with the black shales layers to the top of the section. The black 
shales in the top section after the boundary weathers white shows red and yellow stains, 
which is an indication of oxidation of iron-rich sulphides minerals. The carbonate beds lie 
parallel to the host black shales, moreover, the laminae around the carbonate beds 
demonstrate their resistant to compaction relative to surrounding unconsolidated mudrocks 
(Fig. 5.43). The carbonate beds form the base of the Whitehill Formation and occur 
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throughout the formation. 
 
Figure 5. 42. (A) An image from Vaaldraai Quarry showing the top of the dolomitic beds 
with reddish and yellowish staining of gypsum-rich altered shales beneath. (B) 
Concretion dolomitic ‘ledges’ protruding from folded altered shales. The direction of 
flattening of the concretions is normal to the attitude of the bedding planes; however, 
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other concretions experienced tilting. 
 
Figure 5. 43. A Cross section of Vaaldraai Quarry. At the bottom is the black shales of the 
Prince Albert Formation, the boundary shows the contact between the shales and the 
carbonates. (A) A carbonate bed sample showing the septerian structure. The red 
circle indicate dolomite concretion, while the green circle shows calcite concretion.   
The broken concretions reveal large internal cracks partly and/or completely filled with 
cement (see Fig 5.44). These cementation cracks form enigmatic networks of fracture within 
all the concretions giving these concretions a ‘septerian’ structure, with the scent-filled cracks 
forming ‘septa’ cutting across the concretion and named ‘septerian concretions (beds)’. The 
current agreed assumption by authors (Crook, 1913; Burt, 1932; Taylor, 1950) on the 
formation of such septerian cracks is by due to initially soft sedimentation interior, confined 
within a harder cemented shell that subsequently dehydrated with the formation of shrinkage 
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cracks. In Fig 5.44, the cracks like, formed by progressive outward cementation and 
whenever they meet, a concretion is formed. The cracks are mainly made of calcite ~30% and 
occasional occurrence of quartz veins in place. The cracks and concretions occur within the 
black to grey very fine (dolomitic mudstones). These dolomitic mudstones pattern of 
lamination pass through the concretion show more compaction in the marginal part of 
concretions. The concretions formed are sub-spherical to irregular shapes and range from 40 
mm to 10 cm in diameter. The calcite concretions are smaller than the dolomite concretion 
and the concretions are saturated at the top than from the base (see Fig. 5.44). 
 
Figure 5. 44. The carbonate bed sample showing the internal septerian structure. The red 
and green circle indicate the dolomite concretion, while the green circle shows the 
calcite concretion.   
5.2.1.3.Avondrus Quarry  
Avondrus Quarry is located on the farm Avondrus in the Jansenville Area (GPS: S 33
O
 09
’
 
21.9
’’
 E 24
O
 43
’
 44.6
’ 
at an elevation average of 522 m) (Figure 5.37 & 5.38). The quarry 
covers an area of up 100 m
2
. The dolomitic concretions were removed from the quarry during 
the excavation. The quarry is located in a synclinal axis area, with major folding in place. The 
minor folds are open to some extent isoclinal in places. The dolomitic concretions exhibit 
cavernous corrosion of their outer surfaces to depths of several cms (referred to by some as 
“bored” erosion), and a pattern of intersecting shallow linear corrosion channels typical of 
129 
 
 
carbonate-rich rocks referred to as “elephant skin” weathering (Figure 5.45). The concretions 
have irregular shape due to erosion and weathering but they show a sign of sub-spherical 
shape in origin. The shales are white weathered as shown by Figure 5.45. One sample (STP-
3) was collected from this area. 
 
Figure 5. 45. The gypsum quarry in Avondrus Farm with small dolomitic concretions not in 
situ. The concretions showing the bored erosion (elephant skin weathering) (STP-3, 
sample collected). 
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5.2.1.4. Brakfontein Quarry 
Brakfontein Quarry is located on the Brakfontein Farm close to the R75 main road south of 
Jansenville on the way to Wolvefontein (GPS: S 33
o 
10
’
 26.1
’’
 E 24
o
 48
’
 34.7
’’
 elevation of  
461 m) (Figure 5.37 & 7.38). Here folded dolomitic lenses with concentric internal 
laminations occur interbedded with shales near the bottom of the Ecca Group, gradationally 
changing into cherty beds of Collingham Formation (see Figure 5.46). The site is overturned 
conforming to the synclinal axial plane. There exists Dark grey-to black in colour dolomitic 
concretions occasionally. The concretions show more evidence of weathering than the 
dolomitic lenses. Some lenses contain brecciated regions with quartz veins filling the cracks 
and cementing the breccia fragments. Within the large concretions (lense), concretion shows 
a septerian structure with calcite cementation cracks coming together to form calcitic and/or 
dolomitic concretions. One sample (BRK-A) was collected from this area. 
 
Figure 5. 46. Folded dolomitic lenses of the Brakfontein Quarry (BRK-A, sample collected). 
5.2.1.5.Shape and Size Distribution 
The carbonate concretions in the study area are mostly spherical (disk-like shape) with 
maximum diameters and thickness ranging up to 2.7 m. Width, thickness and length of 15 
concretions were measured (in m) and binary plots were made to establish the shapes of the 
concretions. The shape description in this study used a concept described by McBride et al 
(1995). McBride et al (1995) description on concretions lies on the ratios of length (l), width 
(w) and thickness (t) (height), when (l=w>t) suggest spheres oblate spheroids of various 
131 
 
 
degree of elongation; (l>w>t) describe prolate spheroids tabular forms; and subspheroids lies 
between two as shown in Fig 5.47. In Fig.5.47, most of Ecca carbonate concretions are of 
intermediate dimensions and are considered subspherical, t/l is between 0.4 and 0.67. Few of 
concretions have aspect ratios less than 1.5: 1 (t/l > 0.67) are spherical (oblate spheroids) and 
other concretions are prolate spheroids (elongated) with aspect ratios greater than 2.5:1 (t/l < 
0.4). 
  
Figure 5. 47. Cross-plots of thickness (height) and width against length (all in m) of 
concretions across the lower Ecca Group. The 1:1 line (spherical shape), 1.5:1 
(subspherical shape) and 2.5:1 line (boundary of elongate shape) are indicated (cross 
plots after Abdel-Wahab and McBride, 2001). 
5.2.2. Microscopy 
5.2.2.1. Petrographic Section 
Carbonate concretion samples from four different sites were prepared for the petrographic 
thin section. The common respond table of rock-forming carbonate minerals to staining with 
alizarin red-S and potassium ferricyanide stain, summarized below in Table 5.8, was used to 
characterise and identify the carbonates within the samples. The description of dolomitic 
concretions and layers, including dolomite textural classification, is based on Gregg and 
Sibley (1984) and Gregg (1988). Dolomite rock textures can be classified according to crystal 
boundary and crystal size distribution. The crystal boundary is controlled by growth kinetics 
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and size distribution by both kinetics and nucleation; as such, the descriptive carries genetic 
implications even though the scheme is largely descriptive (Gregg and Sibley, 1984). 
 
 
Table 5. 8. The response of common rock-forming carbonates to staining with alizarin red-S 
and potassium ferricyanide (from J.A.D.D). 
 
Size distributions are classified as unimodal or polymodal and crystal boundary shapes as 
planar or non-planar. Unimodal size distributions generally indicated a single nucleation 
event on the unimodal substrate and polymodal sizes can be formed by multiple nucleation 
events. Planar crystals boundaries develop when crystals undergo faceted growth and non-
polar boundaries develop when crystals undergo non-faceted growth. The porosities are 
classified as (i) fabric selective porosity that is controlled by components of the original rock 
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and (ii) non-fabric selective porosity were the pores are developed independently of original 
textures (Sibley and Gregg, 1987). 
A. Texture 
Different types of dolomite-rock textures have been identified and classified according to the 
dolomite-rock classification scheme of Sibley and Gregg (1987). The classification of 
dolomite-rock textures is based on the petrographic analysis. The crystal size distributions 
were qualitatively and quantitatively made by measuring, with an estimate the crystals 
diameter in thin section. The following dolomite-Concretion textures have been defined in 
the Lower Ecca Group. 
I. Texture-type 1 
Type 1 is the MNT-SHL texture, grey shaly mudstone (white weathered). The white 
weathered grey shale comprises of very finely crystalline calcite that occurs in the lenticular-
wavy bedded interval in the Mount Steward site. The rock consists of the homogeneous 
distribution of calcite crystals occasionally penetrated by irregular shaped fine vugs and or 
microorganism traces, often oriented along bedding planes. The vugs in Figure 5.49 (C & D) 
illustrate traces of microorganisms. The other planes are the slightly cloudy rock that is 
subhedral and usually unzoned. There is pigmentation commonly concentrated along bedding 
planes. The fine pinkish crystalline under XPL (10-15 µm) calcite interlayers alternating with 
semi-transparent finely crystalline dolomite laminae. Silty quartz grains form about 2% or 
less of the rock. 
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Figure 5. 48. Photomicrographs of a thin section showing the grey shale from Mount 
Steward Farm in Jansenville. (A) Thinly lamination of the grey shale with 
interlayering of clear to cloudy calcite crystals.  (B) Photomicrograph A under XPL, 
clearly showing the distribution of calcite crystals along the planes. (C) Irregular 
shaped fine vugs, (D) magnification of photomicrograph (C), showing some kind of 
microorganism voids and traces.  
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II. Texture-type 2  
This texture type is unimodal, very fine-to-fine-crystalline planar-e-s dolomite. This type of 
dolomite consists of planar-e crystal shape boundaries forming about 50% of the rock, 
forming dense, dark grey-black fine to crystalline of a mudrock (Fig. 5.50). No allochems 
observed and the texture probably indicates the association with organic matter. The rock is 
not enriched with iron oxides; this is observed from the lack of pinkish colour of calcites 
under XPL of the stained thin sections, however, ferroan calcite occasionally occur within the 
cementations as seen in Fig 5.50 D. This type of dolomite textures was observed in the outer 
edge sample from NOD-1A.  
 
Figure 5. 49. Photomicrograph of the thin section. (A) Unimodal, very fine-to-fine crystalline 
planar e-s dolomite. The matrix comprises amorphous black organic pores within the 
matrix. (B) XPL of image A, with no appearance of ferroan calcite. (C) Vein 
penetrated the fine matrix. (D) Magnified image C vein by 30X magnification under 
XPL, indicate that the vein comprises of non-ferroan calcite changing to ferroan 
calcite. The veins also comprise of saddle dolomite with clear crystal faces. 
III. Texture-type 3 
This texture type is medium coarse crystalline planar-e and non-planar-a (anhedral) dolomite. 
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The outer edges sample from NOD-1A also showed medium coarse crystalline of non-planar-
a (anhedral) with non-fabric selective fractures crossing the coarse crystalline (Figure 5.51). 
This type of texture constitutes ̴30 % and occur as irregular and patches associated with type 
1. Most dolomite rhombs were coating and void filling with ferroan calcite and quartz 
crystals along fractures and pores (Figure 5.51 D). The void filling with ferroan calcite and 
quartz crystals along fractures and pores were abundant in brecciated samples of NOD-1 and 
NOD-2.  
 
Figure 5. 50. Photomicrograph of a thin section showing dolomite mosaic textures. (A) 
Under PL, medium to coarse crystalline, non-planar-e (anhedral). (B) Under PL, 
polymodal, planar-s, 2-unimodal, non-planar-e medium crystalline. (C) XPL of image 
B, indicating ferroan dolomite. (D) vug and veins (fractures) mosaic texture. 
IV. Texture-type 4  
This texture type is termed, 2-Unimodal, polymodal, medium to crystalline planar-s 
(subhedral) dolomite. This type of texture constituted 80% of dolomite concretions on site 3. 
The dolomite concretions were highly weathered into elephant skin compared to other 
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sampled locations. The crystals observed consisted of planar-e euhedral to subhedral crystals 
showing mosaic textures. The dolomite crystals even after staining show clear or cloudy 
textures, thus indicating the lack of iron. The iron is rich in the calcite compared to the 
dolomite. The dolomite crystals have a cloudy core with clear rims. This type of dolomite is 
characterised by unimodal size distributions and partial mimic replacement. The dolomite 
displays a sharp extinction under XPL. The medium to coarse size formation in these 
dolomites suggests fine calcite and/or dolomite replacement originated from shallow-medium 
burial late diagenetic processes. 
V. Texture-type 5  
This texture type is void-filling dolomite and calcite. The studied carbonate rocks contain 
numerous vugs and fractures (Figure 5.51). Vugs and fractures are partly or completely filled 
with dolomite some of them with calcite as seen in Figure 5.52. The crystal size of void-
filling calcite varies widely. In some cases, large voids are filled with clear coarse-grained 
(up to 50 µm) calcite crystals with perfect crystal faces. Fine vugs are rimmed or occluded 
with clear subhedral and anhedral, often elongated, medium crystalline. 
VI. Texture-type 6 
This texture type is termed polymodal, planar, brecciated sphere structure/ nucleated 
structure. The thin section rock has similar facies as the concretions in the Mount Steward 
farm the concretions are spherical (ellipsoidal) in shape with radial brecciated structures 
while the outer rim comprises on thinly folded layers. As seen in Figure 5.52, the rock 
comprises of darker outer rim comprises of organic pores, very fine to fine crystalline and the 
sphere with radial structure. The spheres have a diameter ranging from 150 µm to 3 mm and 
have a spherical chamber with a fined dolomite crystal wall. The wall consists of radial prism 
that may extend inwards from the outer edge into the chamber to a variable extent. The 
widths of outer rim extending from 20 µm to 35 µm. the crystal sizes in the brecciated sphere 
range from 2 µm to 5 µm. 
B. Calcite Cementation 
Calcite cementation, both ferroan and non-ferroan, was a significant diagenetic process in the 
Lower Ecca Group. The major types of cement are mosaic, sparry and bladed/prismatic 
calcite cement.  
I.    Mosaic calcite cement 
They occur by filling most of the organic constituent and veins as in Figure 5.24. Occur both 
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as ferroan and non-ferroan types (Figure 5.49B & 5.51). Cementation occurs in almost all of 
the facies except for the laminated dolomitic mudstone (MNT-SHL grey shale). The 
cementation has crystal sizes that range from 10 to 800 µm. 
II. Sparry calcite cement 
Sparry calcite cement is the dominant form of cementation in the dolomitic rocks of the 
Lower Ecca Group. The crystal sizes range from 10 µm to 40 µm and tend to show that they 
are of non-ferroan. 
III. Bladed/Prismatic cement 
The cementation is not so common but does occur in veins both as ferroan and non-ferroan 
cement.  The crystals sizes range from 150 µm to 2 mm and widths from 70 µm to 600 µm 
Non-ferroan crystals gradually changes into ferroan cement (Figure 5.52D). This is, perhaps, 
because of the change in the chemistry of the precipitating diagenetic fluids.  
 
Figure 5. 51. Photomicrograph of a thin section showing sphere structures. (A) The nuclear-
brecciated sphere, with fine crystalline outer rim. (B) 30X Magnification of 
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photomicrograph (A), showing the dolomite crystal sizes. (C) Photomicrograph (A) 
under XPL indicate a significant amount of amorphous organic pores or probably 
even includes heavy minerals. Less ferroan carbonates. (D) BRK-A sample completely 
filled by mosaic calcite cementation with elongated calcite crystals. 
5.2.3. Geochemistry 
The geochemical studies of sedimentary carbonate have used variations in the abundances of 
process-sensitive trace elements such as Sr, Fe, Mg, Mn, Na and other methods to gain 
insight into the multivariate processes of diagenesis as well as the chemistry of ancient 
oceans. The trace elements are used to interpret the source of sediments, paleoproductivity 
and the depositional redox condition. This section reports the mineral composition obtained 
from XRD and compositional data obtained from XRF and laser ablation-ICPMS analysis. 
Major and trace elements of the samples from the study area reported in Table 5.9, with the 
upper continental crust (UPC) (Turekian and Wedepohl, 1961) composition and (L11, L12, 
L13) represent outcrop location 1, 2 and 3 respectively from Nsofang, Ikon area of 
southeastern of Nigeria (Bassey, 2012) listed for major and trace elements comparison. The 
use of UPC and compares some of the detrital elements and trace elements enrichments.  
5.2.3.1. Mineral composition 
Quantitative XRD analyses are presented in Figure 5.52 and Appendix C. The results are 
used to determine the mineralogical composition of the carbonate concretions. The samples 
have more or less the same minerals compositions with major constituents of dolomite, 
calcite and traces of quartz in places. These concretions are therefore dolomitic.  
Figure 5.53 shows the mineral compositions of the carbonate samples, the spectrums are 
attached in Appendix B. The Mount Stewart concretions comprised of more than 90% of 
dolomite, and traces of calcite of less than 5% with the remaining percentage distributed to 
quartz. The Vaaldraai beds comprised of a mixture of dolomite and calcite, VAAL-B has 
56.27% dolomite, 38.72% calcite and 5.01% quartz. Whereas the VAAL-A describes more of 
limestone than dolomite with 93.37% calcite, 1.40% dolomite and 5.25% quartz. The quartz 
may be as a result of protruding quartz veins across the beds and the concretions. Minerals 
identified in STP 3 are 92.16% dolomite, 3.45% calcite and 4.38% quartz and in BRK-A are 
72.27% dolomite, 23.50% calcite and 4.23% quartz, respectively. The sample MSHL proves 
to be a weathered shale with the composition of 47.20% muscovite, 37.98% quartz, 7.93% 
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feldspar, 4.39% calcite and cristobalite 2.51%.  This shale is conformably overlain by these 
dolomites. The cristobalite indicates high-temperature quartz fluid invasion into these shales. 
 
Figure 5. 52. Mineralogy determined by XRD 
analysis for each sampled location. They all 
shows that dolomite is the major constituent 
of the concretions expect for VAAL-A and 
MSHL. MSHL is the white weathered shales 
dominated by muscovite and quartz. 
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5.2.3.2.Major elements 
Figure 5.54 shows that the concretions of major elements (in wt. %) are made up of LOI, 
CaO, MgO as major constituents of more than 97%, and then followed by Fe2O3 and SiO2 in 
relatively low abundance. This corroborates mineralogical observations in Fig 5.53 of section 
5.2.3.1, that the carbonate phases are the predominating phases in the rock. The high LOI 
values possibly reflect the low silica compositions in the rocks and amount to the CO2 of the 
carbonate. CaO is the second dominant constituent with concentrations that range from 0.44 
wt % to 48.57 wt%. MgO closely follows this with concentrations ranging from 0.47 wt % to 
19.45 wt % of the samples respectively. The Karoo carbonates have less the same 
compositions as compared to the Nsofang carbonates, and as compared to UPC the samples 
pretty much shows they are not silica-rich, nor shale samples. All CaO and MgO content are 
related to calcite and dolomite phases, exception for MSHL sample. The insoluble residues in 
carbonates except for the shale (MSHL), notably SiO2 (1.50-6.92 wt %), Al2O3 (0.54-2.25 wt 
%) and K2O (0.07 – 0.36 wt %) have considerably low abundance. 
Table 5. 9. Trace and major elements of the carbonate concretion compared to that of upper 
continental crust UPC. 
  
Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 H2O- LOI Sum 
NOD-1A 3.91 0.06 1.40 4.19 0.16 17.04 28.89 0.02 0.28 0.21 0.07 0.28 42.84 99.38 
NOD-1B 2.15 0.03 0.54 1.64 0.07 19.45 29.56 -0.03 0.07 0.12 0.04 0.15 45.36 99.15 
NOD-2A 2.24 0.04 0.97 2.82 0.12 17.92 29.69 0.28 0.13 0.18 0.22 0.34 44.52 99.48 
NOD-2B 1.50 0.05 1.13 2.52 0.07 19.29 29.12 0.13 0.10 0.10 0.04 0.18 45.37 99.61 
M-SHL 71.84 0.68 13.98 1.36 0.00 0.73 0.44 1.94 2.87 0.05 0.22 0.97 4.31 99.41 
VAAL-A 6.92 0.03 2.25 1.24 1.38 0.47 48.57 -0.08 0.36 0.09 0.03 0.26 37.67 99.20 
VAAL-B 6.23 0.05 1.13 3.12 1.43 11.91 34.08 0.03 0.11 0.45 0.20 0.29 40.31 99.36 
STP-3 5.08 0.04 0.54 0.86 0.29 18.36 28.88 0.04 0.09 0.17 0.20 0.18 44.56 99.30 
BRK-A 5.14 0.02 0.96 1.91 0.40 14.08 33.90 0.14 0.13 0.13 0.03 0.20 42.35 99.40 
UPC 64.18 0.55 14.79 5.96  n.d 2.72 4.41 3.42 3.08 0.20 n.d n.d n.d n.d 
L11 6.21 0.06 1.01 0.36 0.01 20.43 30.26 0.01 0.49 0.05 n.d n.d 40.80 99.68 
L12 4.08 0.01 0.03 0.04 0.01 21.25 30.1 0.01 0.01 0.07 n.d n.d 44.10 99.69 
L13 3.26 0.01 0.03 0.04 0.01 20.56 30.95 0.01 0.01 0.50 n.d n.d 44.80 99.73 
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Other elements that have significance in carbonate are Na2O and P2O5 and their 
concentrations range from 0.02 to 1.94 wt % and 0.05 to 0.21 wt % respectively. This is 
because P2O5 may largely result from apatite and whereas Na2O may represent salinity 
inclusion from the dolomitization fluids. P2O5 is somewhat enriched in the concretions 
relative to UPC. Low content of Na2O, K2O, and TiO2 is observed throughout the 
concretions. SiO2 vs CaO shows a distinct negative correlation when the shale sample is 
compared with the carbonates, illustrating the silicate-carbonate complementarity and the 
removal of CaO from the sediment into the concretion.  
The relatively low abundance of Fe2O3, MnO and P2O5 in the samples are probably due to the 
low detrital and organic effects relative to the inorganic chemical carbonate precipitate 
(Tucker, 1983). The shale in the Mount Stewart sample locality has high Fe2O3 content and 
low CaO content. There is a stoichiometric relationship between Fe and Mg in the carbonate, 
with Fe substituting for Mg to precipitate ferroan dolomite; however, this substitution does 
not occur to a significant degree in these concretions. Iron also occurs as sulphide. 
Magnesium is the only enriched elements in these carbonate concretions indicating as the 
only terrigenous input, which is a primary requirement for dolomite precipitation. The low 
input of other terrigenous elements indicates that their entire 2 .5 m in diameter concretions 
were formed by precipitation.  Vaaldraai mudstone samples have more calcium than iron, 
probably due to the development of gypsum, the gypsum forming a teeth-like structure within 
the mudstones. However, XRD did not detect gypsum from these samples, see Fig 5.52.  
The lack of relationship between the Fe and Ca further indicate that the concretions are 
dolomitic. However, Fe can also act independently and can be incorporated with the dolomite 
concretions by organic matter or other carbonate minerals. MnO versus CaO plot has a 
moderate correlation suggesting that the CaO is not only biogenic but also detritus. Vaaldraai 
samples are notably enriched with Mn compared to other carbonate samples. Across the 
transition between concretion and the host white-weathered shale rocks, there is a drop in Mn 
and CaO content and conversely increase in SiO2, Al2O3, and K2O contents.  
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Figure 5. 53. Binary plots of trace and major elements plotted against CaO. 
5.2.3.3.Trace Elements 
Most trace elements are low in these concretions as compared to the host black shales. 
However, some trace elements can be incorporated through intervening diagenetic fluids via 
processes of dissolution and re-precipitation by stabilizing original carbonate phases 
(Bathurst, 1975). Table 5.10 report selected trace elements of the Karoo carbonate with the 
upper crust and Nsofang carbonates. Strontium is the highest enriched in the carbonate 
concretions, with concentrations up to 3100 ppm, followed by manganese and sulphur. The 
enrichment of strontium in carbonates is because Sr
2+
 is readily accommodated into the 
carbonate crystal structure in substitution for Ca
2+
 and is fixed by calcifying organisms at the 
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same time as calcium. Therefore, Sr/Ca be used as a marker of biogenic origin (Carlson et al., 
2008).  
Other minor elements that are incorporated include copper, chromium, vanadium and barium.  
Table 5. 10. Trace element composition of the Karoo carbonate concretions in comparison to 
the Nsofang in Nigeria and the upper crust compositions.  
Sample Zn Cu Zr Sr Mn Cr V S Ba 
  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
NOD-1A 99 39 167 3077 1374 12 64 535 113 
NOD-1B 23 53 186 2596 559 7 46 417 65 
NOD-2A 60 65 132 1085 982 10 40 1353 30 
NOD-2B 29 100 105 791 594 6 46 468 37 
M-SHL 11 56 189 95 38 36 86 1471 744 
VAAL-A 23 47 43 345 11697 5 6 370 289 
VAAL-B 57 21 51 519 12398 40 33 935 393 
STP-3 14 72 146 580 2369 13 124 1026 51 
BRK-A 33 69 108 1060 2963 11 18 389 84 
UPC 60 39 170 350 770 69 140 530 570 
L1 9 0.9 36 59 77  n.d 8  n.d 190 
L2 5 0.7 4 54 77  n.d 22  n.d 22 
L3 6 1.6 7 60.1 77  n.d 9  n.d 6 
 
 
Zirconium is relatively high in concentration with an average of 125 ppm, indicative of 
probable incorporation of continental detritus.  Incorporation of Zr is present as non-
carbonate inclusion perhaps resulted during growth of the concretions when minute detrital 
zircon crystals inert to dissolution and reprecipitation were overgrown by the forming 
concretions. The trace element is correlated with Zr in Table 5.11. Elements V, Cr, and Mn 
shows a positive correlation with Zr which indicate the possibility of the elements being of 
terrigenous/detritus in origin.  Sr, S, Cu and Ba have a negative correlation with Zr, which 
indicate that they are non-detritus in origin. However, earth alkaline elements Ba and Sr are 
subjected to strong variations probably as a result of carbonate dissolution/precipitation. 
Therefore, the correlation of Sr with Zr may have been due to carbonate dissolution. The 
coefficient of determination of Mn versus Zr plot is (r
2
> 0.75). 
  
UP-Upper Crust (Turekian and Wedepohl, 1961); L11, L12, L13 – Nsofang in Nigeria (Basey, 2012). 
n.d- not detected. 
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Figure 5. 54. Binary plots of trace elements versus zircon in ppm. Zircon represents higher 
terrigenous input within these carbonate concretions, therefore is used to correct the 
terrigenous input. 
5.2.3.4.Geochemical interrelationship 
The interrelationships between major elemental oxides and trace elements have been 
investigated and the results are presented in Table 5.11 and co-variation plots (Fig 5.55-5.56). 
Since the rocks are dominated by LOI, CaO and MgO, therefore elements correlating with 
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these constituents are probably because of the same origins or because they form part of the 
carbonate lattice. LOI and CaO display an expected strong negative correlation with the 
insoluble residues, notably SiO2, TiO2, Al2O3, Fe2O3, K2O, Na2O and P2O5. Whereas MgO 
displays a moderate negative correlation with these insoluble residues. Most trace elements 
display positive interrelationships with the major insoluble residue component of the rocks 
and prominent among these are SiO2-TiO2-Al2O3-Fe2O-K2O-Na2O-P2O5-Ba-S-Cr links.  
Unexpectedly, Zr displays little to no correlation with the insoluble residue but have a good 
negative correlation with CaO. Probably Zr occurs as authigenic mineral as an adsorbed 
coating or calcite veins transported it. 
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Table 5. 11. Correlation coefficient of major elements and elected trace elements of the carbonate concretions of the southern Karoo Basin. 
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5.2.3.5.Elemental geochemical proxies 
Most redox indicators that apply to modern marine sediments do not apply to carbonate-rich 
sediments, which may be the reason why the formation of dolomite is still a mystery to solve. 
However, a few trace elements ratios can aid as tracers of diagenetic alteration and input of 
paleoproductivity and terrigenous components through their incorporation into structural 
positions. 
Table 5. 12. Summary of major, trace elements and CaCo3 concentrations of the Karoo 
carbonate concretions. 
The stoichiometric dolomite contains equal molar amounts of CaCO3 and MgCO3 and all 
measured dolomite in this research are non-stoichiometric. Table 5.12 indicates the CaCO3 
concentration of the non-stoichiometric dolomites. According to Lumsden and Chimahusky 
(1980) classification, (see Chapter 2 (2.2.3). NOD-1A and STP-3 are identified as group (1) 
coarse crystalline, sucrose dolomite that is near stoichiometric (i.e., 50-51 mol% CaCO3); 
NOD-1B, NOD-2A and NOD-2B falls under group (3) fine-grained dolomites associated 
with evaporates, nearly stoichiometric (i.e., 51-52 mol% CaCO3) and VAAL-B and BRK-A 
are classified under group (2) fine crystalline dolomites that are not associated with 
evaporates, are generally calcium-rich (i.e., 54-56 mol% CaCO3). 
The ratio of Mg/Ca is useful in reconstructing the depositional environment of and is also be 
applied to Karoo carbonate concretions. This is because the Mg/Ca ratio correspond with the 
stability conditions during the formation of carbonate rocks (Todd, 1966). The Mg/Ca ratio 
less than 2 suggest low-Mg calcite; Mg/Ca 2-12 suggest high-Mg calcite (+ aragonite), and a 
ratio greater than 12 suggest aragonite as the precursor to dolomite formations. The Karoo 
carbonate dolomite concretions have Mg/Ca ratio less than two that suggest low-Mg calcite. 
Sample MgO CaO MgCO3 CaCO3 Na  Fe Sr Mn 
  (wt.%) (wt.%) moles% moles % ppm ppm (ppm) (ppm) 
NOD-1A 17.04 28.89 35.62 51.43 0.02 2.93 3077 1374 
NOD-2A 17.92 29.69 37.46 52.85 0.21 1.97 1085 982 
NOD-1B 19.45 29.56 40.65 52.61 0.02 1.15 2596 559 
NOD-2B 19.29 29.12 40.32 51.83 0.10 1.76 791 594 
M-SHL 0.73 0.44 1.53 0.79 1.44 0.95 95 38 
VAAL-A 0.47 48.57 0.98 86.46 0.06 0.87 345 11697 
VAAL-B 11.91 34.08 24.89 60.67 0.03 2.19 519 12398 
STP-3 18.36 28.88 38.37 51.41 0.03 0.60 580 2369 
BRK-A 14.08 33.90 29.43 60.34 0.10 1.33 1060 2963 
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This low-Mg calcite is highly associated with lacustrine lakes with saline waters (Müller et 
al., 1972; Rosen et al., 1989; Last, 1990). The ratio magnesium: calcium for many samples 
are within the analytical error of the dolomite ratio, which further support the XRD analysis 
that dolomite is the predominant host mineral for these two elements. Dolomite is less 
predominant for the samples further away from the line, with one sample from Vaaaldraai 
showing to be completely made up of calcite.   
 
Figure 5. 55. Comparison of calcium and magnesium content of Karoo carbonates ratios 
with the characteristic ratio of the stoichiometric dolomite (modified after Johnson, 
2010). 
The concentration of Fe and Mn are illustrated in Table 5.12, and in comparison, the 
concretions are enriched with manganese than iron. NOD 1A has the highest Fe content of 
2.93 ppm and STP-3 has the lowest of 0.60 ppm. VAAL-A and VAAL-B have the highest 
Mn concentration of 11697 ppm and 12398 ppm respectively. The concretions NOD-1A, 
NOD-2A, NOD-1B and of Mount Stewart Quarry and BRK-A of Brakfontein have the 
highest strontium values of 3077 ppm, 1085 ppm, 2596 ppm and 1060 ppm, respectively. The 
Sr concentration in the concretions of Mount Stewart Quarry indicates to decrease from the 
brecciated nuclei to the outer-layered edges. The Vaaldraai carbonate beds have the lowest Sr 
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concentrations. Therefore, a conclusion can be made that Sr preferred to be enriched in 
concretions than being enriched in layered carbonates. According to Flugel and Wedepohl 
(1967), the Sr content for shallow marine environment ranges from 100-300 ppm and for 
deep marine environment ranges from 500-3000 ppm. The Karoo carbonates Sr content 
favours the deep marine environment with small percentage anomaly that favours the shallow 
marine. 
 
Figure 5. 56. Plots of Mn versus Sr and S versus Sr in carbonate concretions. 
 Figure 5.57 display the cross plot of Mn versus Sr. Mn and Sr are both enriched in 
concentration compared to the upper continental crust. The high Mn contents together with 
Mn/Sr >2 are often regarded as tracers of diagenetic alteration in carbonates, particularly in 
limestones (Jacobsen and Kaufman, 1999), as non-marine diagenetic fluids are commonly 
enriched in Mn. This fluid-derived Mn can be incorporated into the carbonate mineral 
structure as Mn
2+
.  
All of the carbonate samples except VAAL-(A and B) and STP-3, have Mn/Sr ratio of less 
than two, which indicate a high degree of preservation of primary geochemical signature, 
from the marine environment. VAAL-(A and B) and STP-3 have high Mn/Sr ratio > 2 
suggesting the involvement of non-marine fluids. Strontium versus sulphur shows as 
absolutely no correlation as shown in Figure 5.57 and Table 5.11. This tends to be observed 
in organic-rich materials. The removal of sulphate by organic matter allows the Sr 
concentration to build up very high (Morse and Mackenzie, 1990). Sulphur content increases 
from the nucleus of the concretion towards the edges, conversely to strontium. The removal 
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of sulphur from the dolomitic concretions may also be another contributor of sulphur to the 
formation gypsum, which is found within the vicinity.  
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CHAPTER 6. DISCUSSION 
Black shales and the carbonate concretions of the Karoo Basin were described and analysed 
in order to bulky evaluate their diagenetic and depositional history. Diagenesis and 
depositional environments are complex processes to trace because these processes could be 
influenced by many factors such as tectonism, dissolution and recrystallization of minerals 
(Rimmer, 2004). However, the black shales and the carbonate concretions have geochemical 
signatures that can aid in determining the processes that undertook during the deposition. The 
geochemical signatures mainly result from the input of major and trace element enrichments 
into the sediment from the detrital, authigenic and biogenic sources (Tribovillard et al., 2006; 
Marolf, 2004). Suits of elements are contained within these sources and they can be used to 
signal the degree to which each source contributed to the amount of accumulated sediment. 
As a result, certain elements serve as primary indicators to the geochemical signatures of 
these sedimentary rocks. The attempt to decipher depositional redox conditions of the Karoo 
back shales and the carbonate concretions are based on a systematic, geochemical multi-
proxy approach complemented by field description, petrographic and SEM results.  
6.1. Fieldwork and Borehole Interpretation  
The borehole description of the Lower Ecca Formations in Chapter 5, section 5.1, confirms 
descriptions made by previous authors who investigated the SOEKOR boreholes. The 
lithological description indicates that the Lower Ecca Group shales overlie conformably to 
the tillites of the Dwyka Group. In the western part of the basin, the three Ecca Group 
formations exist (Prince Albert, Whitehill and Collingham Formations) while in East London 
only are the horizon of black shales (Whitehill Formation) exists. Comparison between the 3 
deep boreholes indicates that the SP 1/69 is closer to the Cape deformation whereas AB and 
QU sections are affected by dolerite. Dolerite intrusions are more abundant and have a higher 
thickness in the AB and QU sections as compared to the SP section (Fig 5.6; 5.9 & 5.11).  
Minerals such as pyrite are more abundant and in larger grains in the SP section, whereas 
smaller pyrite grains were found within AB and QU sections and associated with the 
Whitehill Formation. Carbonate minerals particularly calcite were identified throughout the 
sequences occurring as veins, however, they found to be abundant in the SP section. 
Carbonate concretions were concentrated mostly in the base of the Whitehill Formation. The 
concretions were slow in reaction to hydrochloric acid compared to the calcite veins. Some 
153 
 
 
authors from published article suggested that the calcite distribution in the Dwyka and Lower 
Ecca Formation is related to low metamorphic grade and it was as a result of end-Permian 
deformation of the Gondwana-wide orogen (Craddock et al., 2007). 
The field investigation of carbonate concretions in the Steytlerville-Jansenville area indicates 
that the carbonate concretions are found in the Lowermost Permian Ecca Formation and they 
occur as both concretions and beds (Fg 5.38). The studied Karoo carbonate concretions are 
specifically located in the gypsum quarries across the Karoo Basin. The study of these 
concretions was to determine their minerals compositions, their diagenesis and their relations 
to the black shales. The mineralogical compositions conclude that these concretions are in 
fact dolomitic with more than 90% of dolomite minerals constituent (Fig 5.52). These 
concretions are sub-spherical to spherical in shape and internally they are made up of 
brecciated dolomitic mudstones in the centre and layered in the edges. The laminae and the 
brecciated cobbles are jointed together by cementation. The cobbles within are made up of 
enigmatic networks of fractures known as septerian cracks, which are broadest near the centre 
of the concretion and taper towards the margins, which is filled with a succession of coarse 
crystal deposits. The cracks within these concretions are found to form by progressive 
outward cementation. Calcite occurs almost entirely as tight cementation that makes up less 
than 30% by volume of the dolomite bodies.   
6.2. Sedimentary and Mineralogy interpretations 
A complex series of diagenetic processes affected the black shales of the Lower Ecca Group. 
They include mechanical compaction, deformation, various episodes of cementation and 
dissolution. The black shales consist of discontinuous, wavy and straight parallel laminae. 
Their colour is darker in the Whitehill Formation compared to the underlying Prince Albert 
and overlying Collingham Formations. Quartz is the dominant mineral (>30%) within the 
shales along with illite, pyrite and feldspar. Quartz occurs as monocrystalline grains ranging 
from very fine to medium, angular to subangular to rounded grains. Feldspar presents mostly 
as albite with K-feldspar occurs occasionally. The feldspar is characterized by alterations 
which include albitization and replacement of plagioclase by K-feldspar. Albite is found in 
authigenic forms and as fragmented grains due to surface alteration. Moreover, dissolution 
and alteration are also observed around K-feldspar where at times the K-feldspar are 
converted into illite especially in the SP 1/69 section. Albitization of plagioclase seemed to 
favour rocks that are poor in biotite. Pyrite is another dominant mineral with the proportion of 
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5-10% and commonly occur as framboidal and occasional euhedral crystals (see section 
5.1.2.2 for more on pyrite evidence). Other trace minerals commonly occur in the borehole 
sections are zircon, thorite, fluorite, apatite, titanite, and sphalerite, sphene, and epidote 
minerals. Epidote minerals found in these shales shows no sign of detrital and therefore can 
be associated with either hot fluids (probably dolerite intrusion) or low-grade metamorphism 
(both intrusion and CFB deformation). The detrital titanite is present in the SP 1/69 section 
but absence in other boreholes (Fig 6.1B). Chlorite and illite are abundant clays detected in 
SEM and occur as platy detrital grains, pore bridging and tightly packed with platy 
morphology. Illite/chlorite occur as a coating that preserves the porosity by inhibiting quartz 
cementation and/or growth. 
There is a clear indication of compacted lamination around rigid grains suggesting up to 70% 
compaction has occurred. This led to dissolution, precipitation and recrystallization of 
minerals such as K-feldspar-illite. The main diagenetic processes that influence the shale can 
be summarised as physical and chemical compaction, dissolution and bioturbation (due to the 
existence of organic structures). For instance, alkali feldspar is dissolved due to chemical 
compaction. There is some evidence of dissolved fossil fragments due to the chemical 
compaction (Fig 5.36). Dissolution, precipitation and recrystallization may have also 
influenced by the fluid inclusions from the dolerite sills in the vicinity. The solution might 
have been hot silica-bearing waters resulted from the dolerite intrusion or promoted by the 
Cape Fold Belt orogeny that not only metamorphosed the shales but also introduced the 
aforementioned heavy minerals in place. Porosity is significantly decreased by precipitation 
of clay minerals; clay matrix also decreases the permeability and reduces reservoir quality in 
the black shale. In contrast, chemical dissolution has created the secondary porosity that 
makes up the lost porosity. Through SEM, elemental mapping of samples aided to determine 
the elemental composition within and outside of the porosity (see Fig. 6.1 and Appendix B). 
Dolomite concretions found in the Steytlerville-Jansenville Area indicate the complexity of 
the Karoo Basin. The area lies close to the WNW-ESE synclinal axis, with the rocks being 
deformed into E-W trending, plunging folds as part of the CFB. The concretions are 
ellipsoidal in shape stretching up to 2 m in size; they are brecciated in the middle and forming 
layers and/or beds in the outer core. The dolomite concretions contain large internal cracks, 
partly or completely filled with cement, known as a septerian structure. The cracks within 
these concretions are filled with ferroan-calcite, quartz, calcite and dolomite minerals.  
155 
 
 
Ti 
Figure 6. 1. Photomicrographs of 
elemental mapping by SEM in 
LT01, LT04B and LT06 in a 
shale samples from SOEKOR 
boreholes (A) distribution of S 
in pyrite and Ti in titanite. (B) 
Showing Zn in sphalerite and S 
in pyrite. (C) Distribution of P 
in apatite and K for illite and 
possibly K-feldspar. (D) 
Distribution of calcite exits only 
in calcite vein, Fe in chlorite 
and pyrite. Si and Al represent 
silica and aluminosilicate 
minerals and whereas C and O 
represent organic matter and 
the carbon coating. 
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 Different stages of diagenesis have been deduced from these concretions. Initially, in the early 
diagenetic period, the concretions precipitated as dolomite beds overlain parallel to the horizontal 
lamination of the host rocks. The pattern of laminations passing through concretions and the host 
rock shows more compaction in the marginal parts of the concretions. Thereafter fracturing and 
crack orientation of the concretions followed due to external stresses and fluid pressures during 
burial. The extensional nature of the cracks shows that they formed as tensile fractures. The 
concretions and host shales exhibit two episodes of cracking and cementation. Different types of 
dolomitic textures are identified within the concretions. The concretions are comprised of medium 
to coarse crystalline planar and non-planar (anhedral) dolomite. The concretions are surrounded 
by very fine black sediments, occasionally with a trace of microorganism reworking more like 
(bioturbation). Figure 6.2D indicates the coloured calcite and probably ferroan dolomite other 
minerals under crossed polarised light and the non-ferric dolomite are colourless. 
 
Figure 6. 2. Images of thin section sample from Mount Stewart dolomite concretion illustrating; 
(A) dolomitic rock with the red block showing the section used to prepare the thin section; 
(B) the sample under the petrographic microscope under polarised light. (C) 
Magnification by (20,000X) of the concretion in image B; and (D) sample C under crossed 
polarised light. 
The following textures were observed within the concretions samples: (1) Unimodal, very fine-to-
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fine-crystalline planar-e-s dolomite; (2) medium coarse crystalline planar-e and non-planar 
(anhedral) dolomite; (3) two-Unimodal, polymodal, medium to crystalline planars (subhedral) 
dolomite; (4) void-filling dolomite and calcite; (5) polymodal, planar, brecciated sphere structure/ 
nucleated structure. Different types of calcite cementation accompanied these dolomite textures. 
The major types include mosaic, sparry and bladed/prismatic calcite cement. The XRD data 
elucidates that the carbonate concretions are made up of more than 90% dolomite minerals, 
especially within the intense folded areas, and thus can be concluded to be called dolomitic 
concretions. Other quantified minerals are calcite and quartz in small proportions. Calcite is more 
abundant in the Vaaldraai samples making up to 90%. The enrichment of this calcite may have 
been due to calcite veins emplacement or dedolomitization resulted from fluid interaction. That 
being said, dedolomitization was more expected at the intense folded area. The calcite is 
everywhere mechanically twinned, locally fibrous or sparry, the occurring parallel between the 
beddings and the calcite layers are interpreted to be pre- and syn-folding in age. Craddock et al. 
(2007) suggested that the calcites precipitated in the Prince Albert Formation are due to low 
metamorphic grade during end-Permian deformation and they are mechanically twinned. 
Therefore, calcite and three phases of dolomite are the dominant cement phases associated with 
variable intergranular porosities and calcite is widely distributed in the lower Ecca black shales 
and the dolomite concretions. The calcite represents the various diagenetic environments of 
different ages; they probably represent many phases of cementation, dissolution, recrystallization 
replacement and reprecipitation.  
6.3.  Geochemistry Interpretation 
The trace elements in the black shale are incorporated in sulphides through syngenetic 
mineralization either as discrete sulphide phase or as a trace component of pyrite, and organic 
matter (Pratt and Davis, 1992; Wignall, 1994). These elements include Cu, Pb, Ni, Cd, Mo and V. 
These trace elemental content are influenced by factors such as redox conditions, organic matter 
type, sediment accumulation rates and diagenetic and later mineralization processes (Tribovillard 
et al., 2006). 
6.3.1.  Source of sediments 
Lowermost Permian Ecca sediments to a large extent are controlled by the terrigenous and 
biogenic sources. The chemical compositions of terrigenous and biogenic fractions have been 
used to unravel the sources, provenance and the fluctuations in the detrital input to the marine 
basins overtimes (e.g. Rimmer, 2004; Tribovillard et al., 2006; Marolf, 2014). The ratio of 
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K2O/Al2O3, Al2O3/TiO2 and TiO2/Zr assist in unravelling the source that contributed to the 
formation of the black shales (Marolf, 2014). The black shales in this study are characterised by 
higher K2O/Al2O3 ratios derived from increasing illite content. In addition to illite, K2O/Al2O3 
may also be influenced by the contribution of detrital K-feldspar that may be significant, 
particularly in the coarser fractions. Al2O3/TiO2 ratios of most clastic sediments represent the 
average bulk composition of the source area. The Al2O3/TiO2 ratios characteristically range from 
3 to 11 for mafic rocks, 11-21 for intermediates; 21-70 for felsic rocks (Sugitani et al., 1996). The 
average Al2O3/TiO2 ratio in the three SOEKOR boreholes is 31.19, suggesting predominantly 
felsic source rock for the lowermost Permian Ecca shales. Individually, samples from SP 1/69 
have Al2O3/TiO2 ratios that vary from 42.62 to 62.00 which mark as the highest with felsic source 
rock; QU 1/65 samples from 22.28 to 25.84; and AB 1/65 samples from 23.29 to 31.21. 
Zirconium is one of the immobile elements among the trace elements and it is considered as 
useful tracers for source rock composition (Hayashi et al., 1997). It is known that the TiO2/Zr 
weight ratio generally decreases with the increasing of SiO2 content where TiO2/Zr > 200 are 
thought to represent mafic igneous rocks, 195 to 55 for intermediate igneous rocks and <55 for 
felsic rocks (Hayashi et al., 1997). The TiO2/Zr ratios of samples for all the boreholes are all 
below 55. Similar to the Al2O3/TiO2 ratio, TiO2/Zr ratio further substantiates the felsic rocks as a 
principal source for the Permian carbonaceous shales.  
In the dolomite concretions, most of the elements representing terrigenous input have low 
concentrations (Table 5.9) averaging to the following in wt. %: Al2O3 = 38.92; SiO2 = 57.92; K2O 
= 2.19. The Si content is above 57 wt. % because of the white weathered shales is included in the 
carbonate concretions. The average MgO concentration is 13.25 wt% and Zr is 125.19 ppm. This 
Zr concentrations of all the samples are relatively similar as compared to the average upper crust 
(Nothdurft et al., 2004), which is indicative of input of continental detritus.   
6.3.2. Paleoproductivity 
Elements that are good proxies for paleoproductivity include Ca, Ba, P, Ni and Cu. Nickel and 
copper can be used as good proxies for organic carbon sinking flux (Tribovillard et al., 2006). 
Nickel and copper deposits occur in the felsic basement of Namaqualand. Their enrichment in the 
Karoo black shales elucidates that both the bottom water oxygenation and organic matter flux was 
the primary control on the development of reducing conditions.  
The use of silica to represent paleoproductivity is not simply because it can be introduced into the 
sediments as detritus (quartz, aluminosilicates) and as biogenic opal (e.g. diatoms, chrysophyte 
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cysts, ebridians [Stickley et al., 2008]).  
In the dolomite concretions, the average CaO content is 29.24 wt. % which is mostly bound to Mg 
forming the Dolomites, probably originating from foraminifera and coccolithophorids deposited 
into the Karoo Sea. Ca/Al and P/Al ratios differ extremely indicating less input of phosphatic 
minerals mainly in a form of apatite in the dolomite concretions.  
6.3.3. Depositional redox conditions 
The detrital ratios have substantiated that felsic rocks played a major role as a source for the 
Permian black shales of the Karoo Basin. The redox-sensitive elements and their ratios are used in 
this section to elucidate paleoredox conditions for the Karoo Shales. Distribution of these 
sensitive elements differ in terms of their mobility, therefore, are incorporated in different 
minerals within the sediments (Bangert, 2000). V, Cr, Co, and Ni are mobile and mostly 
incorporated into clay minerals whereas Zn and Cu possess restricted mobility and therefore are 
concentrated in hydroxides. Cr is thought to be only associated with detrital fraction, therefore is 
not influenced by redox conditions. Ni and V occur in highly stable tetraphyrrole structures, 
originally derived from chlorophyll and preferentially preserved under anaerobic conditions 
(Lewan and Maynard, 1982; Dypvik, 1984; Dill, 1986).  
Nickel (in ppm) is less enriched compared to the average shale by Wedepohl (1971) in all the 
three boreholes and whereas Co and Cr are less enriched to average shales only in two boreholes 
(QU 1/65 and AB/ 165). Co, Cr and V have different mobility when coming to SP 1/69 black 
shales as compared to the two other boreholes, this is because these elements are enriched in the 
SP 1/69 shales as compared to the average shale. 
The ratio of Ni/Co displays similar environmental conditions across the SOEKOR black shales. 
The SP 1/69 has a ratio value of 1.02; QU 1/65 and AB 1/65 have a value of 0.80 and 1.09, 
respectively. The paleoredox conditions indicate to have been oxic to suboxic during water-
sediment interface (refer to Table 5.5). Ni/Co and V/Cr ratios are used as an indicator of oxygen 
level. All the samples fall on the oxic environment on the plot V/Cr, Mn against Ni/Co ratio (Fig 
6.3). This clearly indicates that the water was oxygenated and therefore the reducing conditions 
were met by sulphate reduction of the organic matter creating the environment oxygen-free (Fig. 
6.3). The reducing condition during the depositional environment began at the water-sediment 
interface, which was not controlled by these redox-sensitive trace metals. There is no good 
agreement between the two environmental indicators V/Cr vs Ni/Co and the V/V+Ni vs V/Cr as 
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revealed in Figure 6.3; the latter represent anoxic to euxinic conditions. The V/V+Ni ratio suggest 
paleoenvironmental condition similar to that of the Black Sea for SP 1/69 shales, where the water 
is free of oxygen and enriched with hydrogen sulphide (H2S). The Cu/Zn and Ni/V ratios are 
suggested by Lewan (1984) that they dictate reducing and oxidizing depositional conditions. 
When the ratio of Cu/Zn is higher than the average shale indicate reducing conditions and vice 
versa. However, a low ratio of Ni/V indicates a reducing environment, this is because nickel is 
removed as sulphide with V being unaffected (Jones and Monning, 1994). The Karoo shales are 
characterised by low Ni/V ratio and high Cu/Zn ratio, suggesting the Karoo black shales were 
formed from reducing conditions. This is in a good argument with the observation of that the 
Karoo black shales are rich in organic matter and sulphides. The manganese enrichment factor 
(EF Mn) indicate that the black shales of SP 1/69 and Whitehill samples from AB 1/65 are below 
the ratio of 1, which indicate the anoxic environment (Fig. 6.3). Other samples prove to have been 
deposited during oxygenated water, probably reaching anoxic later after bacterial sulphate 
reduction. 
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Figure 6. 3. Plots of trace-elements illustrating paleoredox environment. (A) V/(V+Ni) vs Ni/Co; 
(B) V/Cr vs Ni/Co; (C) EF Mn vs Ni/Co. ranges of Ni/Co and V/Cr from (Sourced from 
Jones and Manning, 1994) and V(V+Ni) (Sourced from Hatch and Leventhal, 1992). 
Figure 6.4 illustrates the chemostratigraphic correlation of the paleoredox indicators with the 
depth of the Lower Ecca formation of the deep boreholes. The SP 1/69 comprises only by 
Whitehill Formation and the paleoredox indicator shows that the depositional environment of this 
formation was in the oxic condition (rich in oxygen). The EF Mn and V/V+Ni describe the 
environment as suboxic, anoxic to euxinic. The borehole AB 1/65 comprises of the three 
formations. The Ni/Co ratio appears to increase with depth. The Whitehill Formation in this 
borehole exhibit the lowest Ni/Co ratio, indicating more oxygen enriched as compared to the 
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Prince Albert Formation. The V/Cr ratio also support the enrichment of oxygen in the Whitehill 
Formation as compared to other formations. In contrast, the EF Mn shows that the Whitehill 
Formation was depleted in oxygen compared to the underlying and above formations.  
The V/V+Ni exhibits entirely a different environment for all formations, suggesting the 
occurrence of low and/or no oxygen content, and availability of H2S  in all the environments. 
Furthermore, all the samples are shown to be near the borderline that separates the anoxic and 
euxinic conditions. These clearly indicate that there was an outside supply of H2S to the bottom 
water. Thus, the environment is most certainly of an anoxic rather than euxinic.  The QU 1/65 
borehole appears to show similar environmental conditions as that of AB 1/65 borehole. The QU 
1/65 borehole comprises three formations, each formation showing slightly different paleoredox 
conditions per indicators.  
The Ni/Co ratio increases with depth and this show that with an increase in depth, the availability 
of oxygen was decreasing. The V/Cr ratio shows no definite trend, rather it fluctuates from oxic to 
dysoxic conditions. The EF Mn exhibits that the Whitehill Formation was under anoxic 
conditions, showing depletion in oxygen compared to the underlying and overlying formations. 
V/(V+Ni) ratio shows that there was depletion of oxygen and the introduction of H2S (sulphides) 
into the environment either by an external source or a reaction between organic matter and 
sulphates. 
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Figure 6. 4. Chemostratigraphy of paleoredox indicators versus depth describing the paleoredox 
conditions of each formation in the lowermost Ecca Group of the three deep boreholes.  
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In the carbonate concretions, the ratio of Mg/Ca, Mn/Sr and V/Cr are assessed in order to 
reconstruct the depositional environment of the Karoo carbonate concretions. Defining the exact 
Mg/Ca ratio at which the first diagenetic carbonate dolomite is formed, has not yet been possible. 
The Mg/Ca ratio less than 2 suggest low-Mg calcite, Mg/Ca 2-12 suggest high-Mg calcite (+ 
aragonite) and a ratio greater than 12 suggest aragonite; as the precursor to dolomite formations. 
The Karoo carbonate dolomite concretions have Mg/Ca ratio less than two which suggest low-Mg 
calcite. VAAL-(A and B) and STP-3 have high Mn/Sr ratio > 2 indicating the involvement of 
non-marine fluids. Due to the state of Mn, the incorporation of Mn in dolomites requires that this 
element is in a reduced divalent state. This tends to be observed in organic-rich materials. The 
removal of sulphate by organic matter allows the Sr concentration to build up very high. Sulphur 
content increases from the nucleus of the concretion towards the edges. The removal of sulphur 
from the dolomitic concretions may also be another contributor of sulphur to the formation 
gypsum, which is found within the vicinity. The attempt to used V/Cr ratio for the carbonate 
samples have a minimum value of 0.83 representing the oxic environment, and the maximum of 
9.35, which represent suboxic to the anoxic environment. The hosting weathered shale has a ratio 
of 2.41 representing suboxic condition. The concretions experienced the same conditions from 
(suboxic to anoxic) from the nucleus to the outer edge. 
6.3.4. Paleoweathering conditions 
The SOEKOR Boreholes have been exposed to air and water since the 1960s hence alteration 
with the samples quality has occurred. Therefore, it is important to take into consideration the 
weathering as a barrier to qualitatively determining the paleoredox conditions. The useful way of 
interpreting the paleoweathering and tectonic history of the rock is a chemical index of alteration 
(CIA) and mineral index of alteration (MIA). Chemical index of alteration gives a measure of the 
ratio of primary minerals and secondary products such as clay minerals and is formulated as 
follows: 
CIA = {[
𝐀𝐥𝟐𝐎𝟑
𝐀𝐥𝟐𝐎𝟑+𝐂𝐚𝐎∗+𝐍𝐚𝟐𝐎+𝐊𝟐𝐎
] x 100} values are expressed in as molar proportions and CaO
*
 
represent CaO present in silicate minerals only.  
The value of CIA ranges from almost 50 for fresh rocks/samples to 100 for completely weathered 
rocks. The CIA values increase with increasing weathering intensity. Taylor and McLennan 
(1985) reported that the average CIA value of 65 and 75, as shown in Fig 6.5 (WSA). 
Mineralogical index of alteration (MIA) values can reveal the degree of weathering for each 
analysis and allows to estimate the transformation of primary minerals into secondary minerals 
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which in return depends on the depth of the sampling (Voicu and Bardoux, 2002). Mineralogical 
index of alteration (MIA) is defined by: 
MIA = 2 x (CIA – 50).  CIA is the chemical index of alteration. 
The CAI and MIA value for the SP 1/69 borehole ranges from 73.85% to 75.85 % and from 40 % 
to 50 %, respectively, revealing a moderately weathered block shale. The black shale from QU 
1/65 exhibit CIA values from 49.42 % to 80.38 % and MIA values from 20 % to 60%. This CIA 
and MIA indicate a moderate weathering, however, there is some black shale from QU 1/65 
samples that display an incipient weathering and those that are of extremely weathered (see Fig. 
6.5). The AB 1/65 black shales have CIA values from 74.55% to 84.85% with an average of 
80.07% and MIA values ranging 40-70%. The AB 1/65 shales exhibit an intense to extreme 
chemical weathering however, few samples indicate moderate weathering. High values of the 
index approaching 90% indicate extensive conversion of feldspar to clay. The alteration is 
observed under the SEM, whereby K-feldspar occurred occasionally around illite minerals. 
 
 
Figure 6. 5. Histogram illustrating the intensities of weathering in terms of the mineral index of 
alteration (blue) and chemical index of alteration of the Karoo black shales (brown). 
6.3.5. The inference from Pyrite and Sulphur-Iron Relationship 
(A) Pyrite evidence in the Karoo black shales. 
The mineral pyrite commonly occurs as framboids within the Karoo black shales. The framboids 
are densely packed, spherical aggregates of equigranular micro-sized pyrite crystals that range 
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from few microns to several tens of microns in diameters.  
 
Figure 6. 6. Backscatter SEM Images showing the three classes of pyrite found in the Karoo black 
shales: (a) euhedral pyrite, (b) pyrite crystal with overgrowth in the size of framboids, (c) 
pyrite occurring as pore filling aggregates and (d) closely packed framboids. 
A comparison of framboidal pyrite size distribution between the Karoo black shales and that of 
the Wilkins et al (1996) are shown in Figure 6.7. Majority of pyrite from the Karoo black shales 
fall under more oxic-dysoxic redox region although some exceptional samples from AB 1/65 and 
QU 1/65 boreholes fall in the euxinic region. Furthermore, most of the Karoo shales plotted 
relatively far from the boundary between the oxic-dysoxic and euxinic regions. This further 
suggested that framboidal pyrite in the Karoo shales are formed under more oxygenated 
conditions than semi-oxygenated (dysoxic) conditions. Wilkins et al (1996) argued that 
framboidal pyrites with an average diameter greater than 5 µm are formed in oxic modern 
environment. The diameter of most pyrite in the samples that ranges from 3-9.8 µm have a mean 
average of above 5 µm, suggesting oxic modern environment (Table 5.1). Therefore, the mean 
diameter alone with the plot mean vs. standard of the framboidal pyrite suggests that most of the 
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Karoo shales formed under oxic-dysoxic depositional environment. However, the framboidal size 
distribution alone may not yield a fully accurate result in determining the paleoredox conditions 
as have been suggested by Wilkins et al (1996) and this is because pyrite aggregates may have 
been affected by the sediment reworking. The results can only thus give insight into what the 
environment was oxygenated during sediment deposition. 
The occurrence of the framboidal in the Karoo shale supports the influenced of organic matter 
availability. Within the euxinic basins, framboidal pyrites form differently as they form within the 
water column directly beneath the redox boundary, and the pyrite formation is controlled by iron 
enrichment (Berner, 1970, Wilkins et al., 1996). Hydrogen sulphides in euxinic basins are 
independent and are not formed by bacterial reduction of organic matter as in contrary to anoxic 
basins (Berner, 1970). The oxic-dysoxic redox environment is not only suggested by the 
framboidal size distribution but also the sensitive trace elements suggest similar conditions.  
 
Figure 6. 7. (a) Framboids size distribution showing the clear division between framboids from 
modern euxinic and those from the oxic-dysoxic environment (data from Wilkin et al., 
1996). (b) The binary plot of the diameter means versus the diameter standard deviation of 
the framboids size distribution of the Karoo black shales. The dotted line is the redox 
boundary between euxinic and oxic-dysoxic. 
(B) Sulphur-Iron Relationship 
Evidence-based on trace element signatures and pyrite chemistry revealed that the deposition of 
the black shales took place under an oxygenated to semi-oxygenated condition before it proceeded 
to anoxic conditions. The discussion on the sulphur-iron relationship also helps to decipher the 
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paleoredox conditions during the sediment-water interface. Further, this study insight the 
limitation of pyrite formation in the interaction between the Fe and organic matter. Goldhaber and 
Kaplan (1974) suggest that in marine deposits underlying oxic water, pyrite is formed in the 
sediments during early diagenesis and that the sulphur concentrations are linearly related to the 
organic carbon content (Goldhaber and Kaplan, 1974; Berner, 1984; Raiswell et al., 1994; 
Canfield et al., 1996; Lyons, 1997; Raiswell and Canfield, 1998). Therefore, within the Karoo 
sediments, pyrite was likely formed by bacterial sulphate reduction of the organic matter 
components, whereby the iron in the water column reacts with the reduced sulphate to produces 
iron sulphides. Thus, iron-limitation play a major role in pyrite formation. Berner (1984) 
described that the iron making up pyrite is reactive as compared to other iron present in the rock. 
Hence, this technique was implemented on the Karoo shales with an aim to separate reactive iron 
(pyritic iron) from unreactive iron (Chapter 4, details the methodology on the technique). Table 
5.7 in chapter 5 report the results from the technique.  
The ratio of FeT/Al is also an ambiguous recorder of paleoredox conditions where FeT/Al < 0.5 
indicates an oxic to suboxic conditions and FeT/Al > 0.5 represents euxinic conditions (Lyons and 
Severmann, 2006). The FeT/Al ratio in average to each borehole are all less than 0.5 suggesting 
oxic to suboxic redox conditions. Some exceptional samples contain FeT/Al ratio greater than 0.5 
revealing euxinic conditions. This is in a good argument for those samples that also characterized 
by framboidal size distribution of a euxinic redox condition. The black shales of SP 1/69 indicate 
different paleoredox conditions as compared to that of QU 1/65 and AB /165. The black shales 
from SP 1/69 borehole comprise of high sulphur and iron content (in wt.%) as compared to QU 
1/65 and AB 1/65 as shown by Table 5.7. The relationship between the FeT and FeR revealed a 
positive correlation in the samples from AB 1/65 and QU 1/65 boreholes, but inverse in the SP 
1/69 borehole (Figure 6.7). However, the SEM images unravel that the black shale from AB 1/65 
and QU 1/65 boreholes have abundant iron oxide minerals than that of SP 1/69 black shales. The 
ratio of FeR/FeT can be used as an indicator of the paleodepositional environment. 
Under normal marine environment with oxic bottom waters, the FeR/FeT is found to be less than 
0.38 whereas in a euxinic environment the FeR/FeT is greater than 0.38. In terms of FeR/FeT ratio, 
the SP 1/69 black shales represent euxinic environment whereas the black shales of QU 1/65 and 
AB 1/65 represent the oxic-suboxic environment. The comparison between reactive and non-
reactive iron revealed that reactive iron is limited in SP 1/69 borehole but excess in AB 1/65 and 
QU 1/65 boreholes. This suggests that the pyrite formation in the AB 1/65 and QU 1/65 boreholes 
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likely resulted from the sulphidation process that end by the depletion of SO4
-2
 and/or organic 
matter. A plot of FeT versus TS further suggests that iron is not a limiting factor for pyrite 
formation in AB 1/65 and QU 1/65 boreholes but the process ceased due to the depletion of 
sulphates. In contrast, iron depletion is a limiting factor for pyrite formation in SP 1/69 and that 
the sulphates are in excess. The plot of FeR versus TS with negative slope further substantiates 
that the sulphidation of SP 1/69 ceased at depth due to depletion/ lack of reactive iron (see Fig. 
6.8). 
 
Figure 6. 8. Binary plots illustration the relationship between different forms of Fe and sulphur: 
(a) reactive iron (FeR) versus total iron (FeT), (b) total sulphur (TS) versus total iron 
(FeT), (c) unreactive iron (FeU) versus total iron (FeT) and (d) reactive iron (FeR) versus 
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unreactive iron (FeU) all in weight percentage.  
The degree of pyritization (DOP) was proposed by Raiswell et al (1988) and has proven to be one 
the reliable indicator for depositional redox conditions in most environments (Raisewell et al., 
1988; Jones and Manning, 1994). A plot of DOP against total sulphur in Fig 6.9, reveal a negative 
correlation compared to that of DOP against reactive iron have a positive correlation. This 
indicates that total sulphur has little or no effect on the degree of pyritization. This proves to be a 
valuable parameter to determine the paleoenvironment for carbonaceous materials; no external 
sulphates materials will have an effect on the DOP during diagenesis.  
 
Figure 6. 9. Binary plots illustrating the relation between DOP versus total sulphur and DOP 
versus reactive iron.   
Based on the degree of pyritization, three different types of depositional environment is inferred 
from the three deep samples from the SOEKOR boreholes. Figure 6.10 indicates the paleoredox 
conditions described by DOP of the SOEKOR black shales. The SP 1/69, which is comprised of 
only the Whitehill Formation, has the lowest DOP values. The DOP values of this borehole 
correspond to the Whitehill Formation with a depositional environment from the oxygenated 
normal marine conditions. The average DOP is 0.35, which is below the value of 0.45. Raisewell 
et al (1988) argued that DOP < 0.45 indicates normal marine conditions in which the bottom 
water is oxygenated and that the pyrite formation is controlled mostly by the amount and bacterial 
metabolizability of organic matter. Thus, the DOP value of from the SP 1/69 borehole revealed an 
oxygenated condition and that the pyrite formation is controlled by organic matter. The samples 
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from AB 1/65 and QU 1/65 display DOP values range from 0.55 to 0.79, suggesting dysoxic to 
anoxic redox conditions. The AB 1/65 has an average DOP value of 0.71 and QU 1/65 has an 
average of 0.72. The DOP of 0.5-0.75 is thought to represent the suboxic conditions. The suboxic 
environment is a level between oxic and anoxic where oxygen concentrations are very low and no 
detectable H2S concentrations. Only one sample of QU 1/65 represents the high DOP value of 
0.87 which is interpreted as to represent deposition under euxinic conditions and suggest that 
nearly all of the available reactive iron was utilized in the formation of pyrite. The same sample is 
consistent with most of the paleoredox indicators. 
 
Figure 6. 10. The plot of the degree of pyritization (DOP) ratios of the Karoo black shales.  
6.4. Reconstruction model of the paleodepositional environment 
The depositional of the lower Ecca formation is a complex setting that cannot be completely 
explained by one model. However, the combination of paleoredox indices can aid in 
reconstructing the ideal model in Fig 6.11. This model is based on the parameters outlined in this 
research and inference from the literature on depositional models by Didyk et al. (1978) and 
Tourtelot (1979). The parameters such as DOP, V/Cr, Ni/Co, EF Mn and other trace element 
ratios have all indicated that the Lower Permian black shales and the carbonate concretions were 
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deposited under oxidizing diagenetic environment. The model indicates the geochemical 
evolution during the deposition of the lower Ecca Group dated around ~282 Ma (Fig 3.2 of 
Chapter 3). The Karoo Sea was connected to the ocean thus creating a connection between the 
seawater and the freshwater. The Klipplaat and Jansenville area are characterised by saline to 
hypersaline groundwater. The sediments originated from the Cargonian Highlands and the Cape 
Basin, and TiO2/Al2O3 suggested a felsic source rock. The sediments and organic materials were 
deposited in an oxygenated environment (Karoo Sea). The organic materials may originate from 
the land if terrestrial life exists; the rest is produced entirely by photosynthesis in the photic zone 
(Fig 2.1-restricted circular model, Didyk et al., 1978). The organic material is largely recycled in 
the photic zone by chemical and biological processes. The oxygen content of the water is high at 
the photic zone but becomes depleted with increasing depth and at some point is completely 
consumed by the oxidation of the settling organic material (Tourtelot, 1979). Therefore, the 
depletion of oxygen changes the environment to suboxic conditions and the organic matter began 
to react with circulating sulphate. This reaction as seen in Fig 6.11, lead to sulphate reduction into 
sulphide (H2S) which quickly react with the reactive iron to form pyrite in suboxic conditions. 
Sensitive elements are unstable in an oxic environment and during the sulphate, the reaction is 
reduced to the stable state into suboxic conditions. However, these sensitive trace elements show 
to have been incorporated during the oxic waters. The abundant Mg react with the oxidized 
organic matter to create carbonates. The remaining organic matter since is not reactive becomes 
buried into the anoxic sediment phase where diagenesis takes place. The enrichment in organic 
matter settling at the water-sediment interface may have led to precipitation of this diagenetic 
dolomite concretions.  
 
Figure 6. 11. A proposed reconstruction model of the paleodepositional environment of the Lower 
Permian Ecca Group formations. 
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CHAPTER 7. CONCLUSION 
This thesis is a mineralogical and geochemical investigation conducted into black shale and 
associated carbonate concretions to decipher their depositional paleoenvironment and post-
depositional conditions, with the hope that such information will shed light on gas ‘pocketing’ in 
these rocks.  Part of the objective is to understand the initial redox conditions during deposition of 
the lower Ecca formations through their inorganic geochemistry. The methods include a 
lithological description of the inorganic components, the use of trace element geochemical proxies 
of paleoredox conditions, and other parameters such as pyrite size distribution that may lead to the 
assessment of post-depositional alteration of the sediments.  
7.1 Field Study and Borehole Logging 
The lithological description of the three deep boreholes indicated all lower Ecca stratigraphical 
units exist with exception to the SP section where only Whitehill Formation exists. Further 
observations were made from the lower Ecca formations, that the shales in the lowest formation 
are more silty-sandy grain size and less micaceous. The micaceous minerals gradually increase 
with decreasing depth into the overlying formations and these corroborate different conditions 
during depositions. The pyrite requires anoxic conditions to form and it was observed to be 
abundant in the Whitehill Formation, less in the underlying Prince Albert Formation. Geel et al. 
(2014) made remarks that pyrite can, therefore, be used as a marker to identify the Whitehill 
Formation in the Karoo Basin, and this research corroborates these remarks. A further conclusion 
can be drawn that the conditions that instituted the Prince Albert Formation were suboxic, and 
anoxic conditions prevailed later during the deposition of the Whitehill Formation.  
The sedimentary sections in the three deep boreholes studied are intersected by fine-, to coarse-
grained (0.5-4 mm) hypabyssal dolerite intrusions, ranging from thin (5-10 m thick) to thick sills 
of 30-270 m. The contact aureole is confined to the surrounding section, visibly extending up to 
10 m especially within the silty and sandy lithologies. In the case of black shales, the intrusions 
have heated and metamorphosed the rocks within the contact aureole; the unaffected shales have a 
black colour, whereas the affected black shales have a variety of colours ranging from grey-brown 
to greenish. Close to the sill the metamorphosed black shales have a fine-grained grey, powdery 
appearance and react with water to form gypsum. This can be due to the thermal metamorphism 
of the carbonaceous components within the shales and conversion of sulphur bearing minerals 
(pyrite) either to a more reactive fine-grained form or by oxidation to sulphate minerals that are 
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susceptible to hydration to gypsum. Carbonates occur as cementation and concretions.   
7.2 Petrographic and mineralogical studies 
 Shales 7.2.1
The shale consists of discontinuous, wavy and straight parallel laminae. Parallel, discontinuous 
and elongate micro-lenses of very fine-grained quartz are diagnostic and suggest late-stage 
silicification. Thin laminae of black shale are interlaminated with grey clay. The grains of SP 
sections are much fined grained (1-5 µm) (see Fig. 5.12), dense and tightly packed making it 
extremely difficult to distinguish individual grains. Randomly distributed opaque minerals are 
observed. The use of staining on thin sections with Alizarin red S and potassium ferricyanide 
aided in observation of carbonate related minerals, and calcite was the only observed carbonate 
mineral. 
Individual clay minerals are near impossible to discern at thin-section resolution, however, SEM 
results indicated that illicit and chloritic matrix clays are well crystalline, but finely intermixed 
with organic materials. SEM examination of the samples shows that the Lower Ecca rocks 
generally contains more than one-third of clay minerals, quartz as the dominant mineral, and 
pyrite and heavy minerals. Whereas the shale matrix of AB and QU Lower Ecca, under SEM 
observation, consists of a mixture of clay minerals (dominantly chlorite and illite), quartz grains, 
apatite, pyrrhotite and traces of pyrite to some extent, organic matter and heavy minerals. Organic 
matters are amorphous and dark. Quartz is finely mixed with organic matters, and coexistence of 
organic matters and sulphides is observed. 
The observed minerals occurred within all the borehole sections are zircon (accessory), thorite 
(accessory), apatite, sphalerite, sphene (accessory), galena, and rutile. Titanite and allanite 
(epidote mineral) are only found in SP 1/69, fluorite and fluorapatite in QU 1/65, and monazite is 
found in both QU and AB 1/65. The observed detrital heavy minerals are stable over a wide range 
of burial diagenesis, however, some heavy minerals are stable than others, which can be evident 
by fabric and textures. The detrital titanite occurred as irregular corroded patches distributed in 
the SP section. 
Zircon grain shows to be one of the stable minerals during deep burial, with no corrosion texture 
or any dissolution evidence. Therefore, Zr showed to be of two origins, detrital (early diagenetic 
episode) and probably likely to be due to metamorphism (late diagenetic to an early stage of 
metamorphism). The zircon of late burial stage showed smooth grain outlines with no sign of 
corrosion or alteration and a prismatic habit. The other grains were interpreted to be of detrital 
175 
 
 
origin, due to alteration around the edges altering the primary prismatic habit of the grain and in 
some cases creating pores with the deposition of galena (PbS). 
Under EDS analysis, the light rare-earth element monazite (La, Ce, Nd)(PO4) indicated the 
incorporation of a significant amount of Th and U in its structure. Under BSE, detrital monazite 
crystals are seen to consist of a rounded to the irregular core and often occur intergrown and/or 
overlain by authigenic quartz. The origin of monazite in black shales is controversial as to 
whether to interpret it as detrital, diagenetic or metamorphic in origin. In the present samples, 
monazite appears to be a product of both detrital origin and low-grade metamorphism. Similar 
behaviour is attested with zircon, thus this indicates fluid interaction with shales during the 
deformation of the CFB and/or the dolerite intrusions. 
Iron sulphides occur as two distinct minerals, as pyrite (FeS2) and pyrrhotite (F1-xS (x = 0-2)), the 
latter formed by metamorphism of pyrite, the distinction being observed under SEM. The two 
minerals were only observed in AB and QU sections and pyrrhotite was observed in shales 
samples near the intrusions. Therefore, the conclusion can be drawn that pyrrhotite can be used to 
track the extent of the intrusions effects in these rocks.  
The organic material pores/organic pores occur in all samples and are restricted to the 
unstructured, amorphous organic matter. Two types of organic pores are observed, texturally 
resulting in an appearance of a sponge, (1) abundant tiny pores averaging 10 nm in size (foam 
pores) and (2) a superimposed small population of larger pores (bubble pores) in the 100nm 
average size range. They mainly take the shapes of subsphaeroidal, ellipsoid, concave and silt. 
Most of the tissues are preserved as dark films and when EDX is performed on them they show a 
high amount of carbon, which may have been enhanced artificially by resin impregnation. Some 
of the structures resembling fossils skeletons show highly variable Fe-content, and to some extent 
also Ca and S under EDX. The organic pores in shales, formed during thermal cracking 
hydrocarbon generation of organic matters, occur mainly between and inside the organic matter 
grains. These organic pores are of great significance to the generation and accumulation of shale 
gas. 
 Carbonates 7.2.2
The carbonate concretions are characterised by more than 80 % dolomite followed by calcite and 
minor quantities of other detrital components. The majority of the calcite is the result of 
hydrothermal activity associated with the intrusion of the quartz veins. The quartz crystals had 
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enough time and space to grow into hexagonal crystal faces. The calcites associated are secondary 
or post-depositional and associated with the deformation and folding of the Cape Fold Belt, as 
revealed by bladed calcite in dolomite and the surrounding shales. The conclusion can further be 
suggested that the dolomite concretions were initially precipitated as beds similar to those in the 
Vaaldraai Quarry, and thereafter were deformed into concretions due to the ongoing Cape Fold 
Belt orogeny. The conclusion is drawn from the observation that in areas that are less deformed 
the dolomite exists as beds, but in the intensely deformed folded areas, the dolomite exists as 
concretions. Hence, the nuclei of the concretions are brecciated and the outer part is layered. 
Within the dolomite, samples occur concretions of dolomite crystals with radiating network-like 
fractures filled with secondary calcite, suggesting that the calcite veins resulted from the folding 
of the dolomite beds into concretions. 
7.3 Geochemistry 
The black shales in this study have a similar geochemical signature to previously analysed 
samples from the Karoo Basin and to black shales worldwide. The geochemical signature results 
from the combined input of detrital sedimentary materials as well as enrichment or depletions 
acquired from pore water, biological activity and during diagenesis. The shales have a similar 
composition with quartz dominating by 60 %, clay minerals 30% and 10% of sulphides (pyrite) 
and heavy minerals. Subsequent metamorphism or metasomatism may also be factors that affect 
the composition of these rocks. The major and trace element reservoirs or sources in the rocks are 
typically characterized as detrital, biogenic and authigenic. Each source fraction contains a 
characteristic suite of elements that indicates or signals the degree to which each source 
contributed to the number of accumulated sediments. 
The geochemical evaluation for the black shales and the dolomite concretions indicates that both 
experienced similar depositional and post-depositional conditions. The ternary plot of SiO2, Al2O3 
and CaO show that the black shales are variably enriched with SiO2 relative to Al2O3 and CaO, 
depicting the detrital sources. Elements such as K2O, Na2O were plotted against Al2O3 and their 
correlation further suggesting the detrital contribution. Elements such as CaO, P2O5, have a 
negative correlation with Al2O3 suggesting they are from the biogenic source. The source 
provenance ratios suggest that the sediments are from felsic source rock. The detrital felsic rocks 
originate from the Cape Supergroup and underlying crystalline basement.  
 
Chemical index of alteration (CIA) values indicates that these lower Ecca black shales have 
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experienced strong chemical weathering (this may be because the cores have been exposed to the 
atmosphere for decades). However, even so in the field, the Karoo shales are highly weathered 
and other authors such as Geel et al. (2014) and Chere et al. (2015) made similar remarks.  The 
depletion of Na2O and CaO also illustrate the intense weathering of the source rock. The 
Mineralogical index of alteration (MIA) values indicates moderate weathering of the mineral 
components.  
The geochemical redox indices (Ni/Co, V/Cr and Mn enrichment factor (EF Mn)) suggest that the 
accumulation of the lower Ecca sediments were deposited in oxygenated water and that suboxic to 
anoxic conditions were achieved later due to sulphate reduction processes. Lack of correlation 
between V/(V+Ni) and Ni/Co likely reflect different conditions were responsible for organic 
matter accumulation, only with an assumption that the relationship has not been altered by post-
depositional processes. The carbonate concretions also indicate deposition under suboxic 
diagenetic environment.  
Pyrite morphology and degree of pyritization (DOP) corroborate suboxic-anoxic conditions, 
which is different from the TEs redox indices. The sizes of framboidal pyrite indicate less oxygen 
influence into the depositional terrain indicating that the organic matter reduced oxygen, which 
resulted in hydrogen sulphide, which in turn favoured the reaction of pyrite formation for organic 
matter preservation.  
The carbonate concretions have low Mn/Sr, which indicates a high degree of preservation of 
primary marine geochemical signatures, with occasional input of non-marine fluids. They are 
characterised by low Mg/Ca indicating low Mg-calcite due to post-depositional conditions for the 
creation of dolomite. The calcite represents the various diagenetic environments of different ages 
representing many phases of cementation, dissolution, reprecipitation and recrystallization. The Zr 
enrichment in these concretions indicated the influx of continental shelf sediments. 
7.4 General conclusions 
These above conclusions suggest that the Karoo Basin is complicated due to the effect of several 
tectonic processes overprinting the previous processes. Hence, not all tectonic signatures are 
visible in these rocks. However, the uses of sensitive trace elements were able to deduce some of 
the available conditions that prevailed during the deposition and by that, they elucidate that the 
environment was a normal marine to lacustrine due to the fact that during deposition, the 
environment was semi-oxygenated (suboxic). The organic matter preservation was conditioned by 
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the sulphate produced to react with reactive iron to produce iron sulphides. The anoxic conditions 
or the no oxygen conditions were met after the production of iron sulphide at the sediment-water 
interface as corroborated by the DOP. During the early diagenetic phases, dolomite precipitated 
parallel to the bedding of black shales, forming dolomitic beds, however, due to the faulting and 
deformation of the CFB the dolomite were deformed into concretions. Minerals like zircon and 
monazite clearly illustrated two episodes of origin, detrital origin and occurred as a result of 
metamorphism.  
The lower Ecca rocks of the Prince Albert Formation were deposited in a suboxic condition 
around 288.6 ±3 Ma, at the end of Dwyka glaciation. Thus traces of pebbles are found within this 
formation. During the deposition of Whitehill Formation around 278 ±3 Ma, the oxygen was 
depleted, and the condition was anoxic, therefore favouring the formation of pyrite and enhancing 
the organic matter preservation. Secondary calcite veins show traces of fluids interactions across 
the formation, indicating that the CFB was an ongoing process. Dolomite concretions are found 
within the boundaries of the Whitehill Formation. The organic richness of the Whitehill 
Formation measured to be 14%, resulted in the precipitation of dolomite. Apart from pyrite, 
dolomite can therefore be used as a tracer or marker of the Whitehill Formation. Most of the 
organic matter was preserved during the Whitehill Formation time. The remaining was preserved 
in the Collingham Formation during 274.2±2 Ma. The conditions were changing in this time from 
meandering rivers to braided rivers, depositing sandstones and siltstones into the Karoo Lake. The 
intrusions of dolerites heated significant proportions of the shales in this formation, 
metamorphosing the preserved organic matter and the shales themselves resulting into graphitic 
shales observed in the SP section, and the low-grade metamorphism. This research has 
demonstrated the existence of certain conditions that prevailed during deposition and post-
depositional time zone. This research further illustrated and affirmed the importance of inorganic 
materials in assisting in the preservation of organic matter enrichment provided certain conditions 
are met. Gas pocketing in the shale pores does not solely depend on the organic matter, but the 
inorganic matter plays a major role. 
7.5 Recommendation for further studies: 
1. Sulphur, carbon and oxygen isotopic studies of the black shales and the carbonate 
concretions and the veins found within the concretions. In order to further to investigate 
post-depositional effects and to establish a model that represents all the aspect of 
depositional, diagenesis and post-depositional conditions.  
2. Qualitative analysis of the aromatics with the shales would highlight better the 
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paleoenvironmental conditions during the rock formation.  
3. Rigorous study of zonation patterns in dolomite crystals is required. 
4. A detailed investigation of the sulphide minerals is required to verify their inferred origins. 
This should include sulphur isotopes studies to determine the relative timing of pyrite 
genesis and whether it occurred in an open or closed system.  
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APPENDIX A: SOEKOR boreholes logs 
 
A1. The AB, QU and SP core logging sections. The Dwyka group of SP section overlies the 
Witteberg Group and the matrix differ in colour compared to the AB and QU. The sections 
also indicate samples and sampling depths refer to Chapter 5, 5.1.   
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APPENDIX B: Microscopy microphotographs (SEM) 
 
Result 
Type Weight % 
                  
Spectru
m Label 
Spectru
m 92 
Spectru
m 93 
Spectru
m 94 
Spectru
m 95 
Spectru
m 96 
Spectru
m 97 
Spectru
m 98 
Spectru
m 99 
O 44,39 47,2 41,09 38,79 53,49 48,94 40,44 39,4 
F                 
Na   7,64             
Mg 6,07   2,6 2,12   4,51   2,09 
Al 11,11 10,98   0,23     0,54 0,19 
Si 14,05 32,77 0,86 1,15 45,77 0 0,76 2,94 
P                 
Cl                 
K 0,21               
Ca   0,48 1,97 1,25   24,39 0,17 0,54 
Sc                 
Ti             53,46   
Mn     3,8 4,02   3,71 0,47 3,95 
Fe 24,17 0,92 49,68 52,44 0,74 18,11 3,7 50,89 
Sr           0,35     
Y                 
Zr                 
Statistics O F Na Mg Al Si P Cl 
Max 53,49 3,38 8,21 6,07 12,77 46,49 17,9 0,6 
Min 37,37 3,38 7,64 0,44 0,13 0 1,77 0,6 
Average 44,62         12,32     
SD 5,33         16,43     
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B1. The photomicrographs and table of spectra results. One of the samples with titanite 
(LT02). The table indicate spectrum results of elements in weight percentages. The 
photomicrograph indicate where the spectrum points where analysed. 
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B2. Photomicrographs resultant map from the analysis of the calcite vein (LT07 sample). 
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B3. Photomicrograph and spectrum of iron oxide and calcite. 
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APPENDIX C: XRD graphs of dolomite concretions 
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C1. XRD spectra of carbonate concretions from Steytlerville-Jansenville area. 
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APPENDIX D: The LA-ICPMS data of black shales and carbonate 
concretions 
 
 
APPENDIX D.1 LA-ICPMS standard data  
Instrument	 Fusion	 BHVO	 BHVO Deviation BCR		 BCR	 Dev BHVO	 BHVO Dev BCR BCR Dev
Method Glass Glass Glass Glass fp* fp fp fp
Det	Lim Det	Lim lit	value Ave	(n=4) % lit	value Ave	(4) % lit	value Ave	(15) % lit	value Ave	(14) %
Sc 0.050 0.50 33.0 31.2 5.3 33.0 32.4 1.8 31.4 31.6 0.6 33.5 33.1 1.4
V 0.023 0.23 308 307 0.4 425.0 415.0 2.4 314 291 7.4 418 384 8.0
Cr 0.188 1.88 293.0 269.4 8.1 17.00 14.93 12.2 288 282 1.8 15.9 21.2 34
Co 0.011 0.11 44.0 41.1 6.6 38.00 35.38 6.9 44.9 39.9 11 37.3 34.4 7.8
Ni 0.391 3.91 116.0 117.0 0.9 13.0 12.0 7.4 120 131 9.1 12.6 22.2 77
Cu 0.041 0.41 127.0 122.5 3.6 21.0 17.3 17.6 137 129 6.2 19.7 35.8 82
Zn 0.147 1.47 102.0 109.4 7.2 125.0 148.0 18.4 105 113 7.8 130 144 11
Rb 0.020 0.20 9.20 8.83 4.0 47.0 46.1 2.0 9.52 8.74 8.2 46.0 42.8 7.1
Sr 0.005 0.05 396.0 378.4 4.4 342.0 327.0 4.4 399 371 7.2 337 317 6.0
Y 0.002 0.02 26.0 22.8 12.5 35.0 31.5 10.0 26.2 23.6 10 36.1 32.0 11
Zr 0.004 0.04 170.0 152.3 10.4 184.0 167.5 9.0 175 155 11 187 169 9.6
Nb 0.002 0.02 18.3 16.01 12.5 12.5 11.1 11.4 18.5 16.0 13 12.4 10.8 13
Mo 0.010 0.10 3.80 3.89 2.4 270 248 8.1 1.06 1.34 26 251 238 5.0
Cs 0.011 0.11 0.10 0.09 9.3 1.16 1.08 6.9 0.103 0.25 145 1.16 1.01 13
Ba 0.038 0.38 131.0 125.7 4.0 683.0 667.5 2.3 134 127 5.4 684 649 5.1
La 0.002 0.02 15.2 14.0 7.7 24.7 23.5 4.9 15.4 14.5 6.2 25.1 23.1 7.8
Ce 0.002 0.02 37.6 34.2 9.1 53.3 49.7 6.8 38.1 35.2 7.5 53.1 48.7 8.3
Pr 0.002 0.02 5.35 4.80 10.3 6.70 6.30 6.0 5.42 4.89 9.8 6.83 6.21 9.0
Nd 0.007 0.07 24.5 22.7 7.3 28.9 27.1 6.4 24.8 23.2 6.2 28.3 26.9 4.7
Sm 0.010 0.10 6.10 5.74 5.9 6.59 6.23 5.5 6.17 5.68 7.8 6.55 6.21 5.1
Eu 0.003 0.03 2.07 1.88 9.0 1.97 1.80 8.6 2.05 1.90 7.6 1.99 1.79 9.9
Gd 0.010 0.10 6.16 5.91 4.0 6.71 6.45 3.9 6.29 6.08 3.2 6.81 6.44 5.5
Tb 0.001 0.01 0.92 0.81 11.4 1.02 0.93 8.7 0.95 0.85 10 1.08 0.92 14
Dy 0.005 0.05 5.28 4.90 7.1 6.44 5.93 8.0 5.27 4.99 5.3 6.42 5.98 7.0
Ho 0.001 0.01 0.98 0.89 9.3 1.27 1.17 7.6 0.98 0.92 6.4 1.31 1.20 8.5
Er 0.004 0.04 2.56 2.34 8.5 3.70 3.40 8.1 2.50 2.38 4.8 3.67 3.52 4.1
Tm 0.001 0.01 0.34 0.30 11.9 0.51 0.46 9.3 0.33 0.30 7.7 0.53 0.47 11
Yb 0.005 0.05 2.01 1.84 8.7 3.39 3.14 7.4 1.99 1.83 7.7 3.39 3.10 8.6
Lu 0.001 0.01 0.28 0.25 10.1 0.50 0.46 8.3 0.28 0.25 8.4 0.50 0.46 9.0
Hf 0.004 0.04 4.32 4.14 4.3 4.84 4.60 5.1 4.44 4.25 4.4 4.97 4.71 5.3
Ta 0.001 0.01 1.15 0.98 15.4 0.78 0.66 15.1 1.17 1.00 14 0.79 0.66 16
Pb 0.007 0.07 1.70 1.73 1.9 11.00 10.11 8.1 2.04 2.47 21 10.6 9.31 12
Th 0.001 0.01 1.22 1.12 8.0 5.90 5.42 8.1 1.23 1.15 5.8 5.83 5.52 5.2
U 0.001 0.01 0.40 0.39 3.7 1.69 1.63 3.6 0.42 0.40 3.9 1.68 1.58 6.4
*fp	=	fused	powder
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APPENDIX D.2 LA-ICPMS shale data 
BRK-A	-	1 BRK-A	-	2 LT01	-	1 LT01	-	2 LT02	-	1 LT02	-	2 LT03	-	1 LT03	-	2 LT04A	-	1 LT04A	-	2 LT04B	-	1 LT04B	-	2
Sc 1.22 1.32 25.0 24.2 24.2 24.9 18.9 19.1 22.5 22.6 19.1 18.6
V 13.75 13.76 103 103 106 104 68.9 69.8 92.3 93.5 73.5 73.9
Cr 12.6 12.5 63.8 66.6 64 63.5 150.4 148.9 68.8 71.7 50.9 53.9
Co 2.14 2.15 12.4 12.3 16.7 17.2 8.42 8.81 15.2 16.0 11.4 11.8
Ni 14.1 15.3 56.6 59.1 47.0 49.1 40.5 39.5 36.7 34.7 30.6 32.7
Cu 5.95 5.78 133 131 159 157 254 257 227 235 63.3 66.7
Zn 23.8 23.5 174 178 211 210 376 382 159 166 118 117
Rb 3.92 3.70 173 172 163 163 120 122 150 152 110 110
Sr 700 722 135 135 157 156 148 147 145 144 176 178
Y 3.92 3.95 26.5 26.7 28.2 28.9 24.0 24.2 40.3 40.8 140 144
Zr 45.6 46.2 130 130 130 132 100 101 175 174 142 147
Nb 0.681 0.692 11.0 10.9 8.63 8.42 6.08 6.14 16.2 15.8 12.1 12.0
Mo 0.677 0.69 9.75 9.44 11.63 11.59 7.82 7.66 2.09 2.55 1.26 1.23
Cs 0.27 0.30 12.2 12.7 12.5 12.6 9.00 8.86 10.4 10.6 7.79 7.93
Ba 97.6 102 765 781 663 666 525 531 1142 1132 1840 1886
La 3.35 3.32 27.2 27.1 24.2 23.8 31.7 31.1 40.2 41.0 60.6 61.8
Ce 7.08 7.19 64.0 63.8 56.6 57.0 67.9 69.3 76.2 77.4 142 144
Pr 0.92 0.94 7.12 7.32 6.74 7.11 7.41 7.34 8.99 8.93 20.8 21.1
Nd 3.91 3.95 28.3 28.7 28.1 28.4 27.5 29.2 36.3 35.8 107 110
Sm 0.94 0.97 6.76 6.69 6.7 7.05 6.39 6.12 10.46 10.62 47.9 48.4
Eu 0.19 0.20 1.19 1.18 1.22 1.08 0.83 0.91 2.10 1.83 8.10 8.35
Gd 1.10 1.05 6.37 6.27 6.73 7.13 5.66 6.03 11.5 11.8 59.6 60.2
Tb 0.12 0.11 0.83 0.86 0.94 0.95 0.84 0.80 1.34 1.44 6.59 6.75
Dy 0.63 0.76 5.23 5.58 5.70 5.42 4.75 4.57 7.83 7.69 29.7 31.5
Ho 0.13 0.12 1.03 1.03 1.08 1.03 0.93 0.96 1.34 1.43 4.56 4.87
Er 0.31 0.33 2.96 2.82 3.08 2.89 2.64 2.75 3.71 3.98 9.76 10.2
Tm 0.04 0.05 0.40 0.39 0.46 0.39 0.32 0.36 0.52 0.54 1.02 1.04
Yb 0.23 0.25 2.48 2.73 2.80 2.73 2.36 2.64 3.37 3.78 5.60 5.92
Lu 0.04 0.03 0.42 0.42 0.39 0.43 0.33 0.34 0.57 0.57 0.72 0.76
Hf 0.60 0.60 3.83 3.77 3.70 3.82 3.06 2.96 4.87 4.90 3.83 3.83
Ta 0.04 0.03 0.74 0.70 0.56 0.55 0.41 0.42 1.09 1.07 0.75 0.81
Pb 3.52 3.61 57.8 58.3 52.0 52.2 42.2 43.5 17.3 17.4 11.7 10.5
Th 0.65 0.68 17.8 17.8 18.4 18.6 13.8 13.9 15.4 15.5 11.1 11.4
U 0.46 0.47 7.05 7.20 7.11 7.43 5.32 5.42 4.90 4.96 5.81 6.00
LT05A	-	1 LT05A	-	2 LT05B	-	1 LT05B	-	2 LT06A	-	1 LT06A	-	2 LT06B	-	1 LT06B	-	2 LT07	-	1 LT07	-	2 LT08A	-	1 LT08A	-	2
Sc 20.0 20.0 20.3 19.9 19.2 20.4 22.5 21.7 18.6 18.9 19.7 20.1
V 79.6 78.8 77.6 76.3 96.5 96.8 88.8 86.9 84.8 83.6 87.2 88.0
Cr 51 50.1 51.8 47.6 66.2 70.1 46.2 44.4 58.9 56.3 73.6 71.3
Co 10.3 10.1 9.65 9.79 11.2 11.3 7.81 7.85 10.9 10.8 12.2 12.3
Ni 23.7 24.5 29.0 26.5 40.2 36.9 18.9 20.6 37.7 33.8 40.2 38.5
Cu 66.6 64.6 73.8 73.0 77.4 75.4 84.4 88.5 100 108 59.6 61.4
Zn 111 103 134 130 121 122 119 114 117 107 127 108
Rb 106 107 106 106 128 128 160 166 115 117 115 114
Sr 121 125 134 134 456 450 143 145 123 121 215 218
Y 27.7 28.0 33.0 33.0 28.7 29.5 38.1 38.5 30.5 31.0 31.8 32.1
Zr 147 149 164 164 111 113 206 210 144 144 171 171
Nb 12.1 12.0 12.3 12.9 11.6 11.1 14.4 14.1 13.2 13.6 16.2 16.2
Mo 1.3 1.18 1.31 1.27 5.45 5.05 0.49 0.64 2.27 2.46 1.73 1.91
Cs 7.51 7.84 7.17 7.17 11.1 11.1 10.5 11.1 8.02 8.08 11.0 10.6
Ba 511 519 444 453 735 745 622 614 476 479 557 530
La 26.8 27.0 34.7 34.8 34.3 35.0 48.5 49.3 35.6 35.1 46.8 46.9
Ce 57.1 58.1 71.5 72.1 67.7 68.1 94.5 95.6 72.8 73.7 93.4 93.9
Pr 5.98 6.20 7.96 8.15 7.95 8.10 11.1 11.3 8.59 8.60 10.7 10.9
Nd 23.0 23.3 29.4 31.0 31.1 31.6 41.6 41.7 32.0 31.9 40.4 40.9
Sm 5.23 5.25 6.32 6.31 6.24 7.31 6.47 6.43 6.67 6.62 7.41 8.17
Eu 1.02 1.14 1.19 1.18 1.13 1.13 0.86 0.98 1.29 1.27 1.26 1.26
Gd 6.21 6.35 7.05 7.01 6.03 6.04 5.79 5.93 6.03 6.57 5.92 6.08
Tb 0.91 0.93 1.04 1.00 0.83 0.85 0.91 0.89 0.89 0.91 0.87 0.89
Dy 5.11 5.08 5.68 6.12 5.59 5.20 6.60 6.10 5.41 5.80 5.53 5.74
Ho 0.90 0.96 1.09 1.06 1.03 1.04 1.35 1.35 1.14 1.15 1.12 1.10
Er 2.89 2.74 3.23 3.24 2.87 3.14 4.19 4.32 3.25 3.22 3.48 3.30
Tm 0.42 0.42 0.46 0.45 0.42 0.41 0.62 0.63 0.45 0.45 0.52 0.44
Yb 2.81 2.80 3.31 3.44 2.72 2.78 4.32 4.23 2.85 3.07 3.36 3.33
Lu 0.46 0.48 0.47 0.50 0.40 0.38 0.58 0.59 0.43 0.46 0.45 0.50
Hf 4.12 3.98 4.50 4.51 3.33 3.25 5.79 5.97 3.93 4.23 4.81 4.92
Ta 0.87 0.84 0.83 0.87 0.74 0.75 0.99 1.01 0.92 0.93 1.16 1.17
Pb 18.3 17.6 19.8 20.3 27.3 27.5 25.2 25.8 22.3 22.4 25.6 25.5
Th 12.7 12.8 13.8 13.4 12.3 12.4 17.5 17.7 12.8 13.0 15.8 15.9
U 3.80 3.93 4.26 4.42 3.71 3.66 5.99 5.95 4.41 4.28 5.29 5.24
205 
 
 
 
 
APPENDIX D.2 LA-ICPMS shale data – cont. 
  
LT08B	-	1 LT08B	-	2 LT09	-	1 LT09	-	2 LT10	-	1 LT10	-	2 LT11	-	1 LT11	-	2 M-SHL	-	1 M-SHL	-	2
Sc 17.3 18.0 18.6 18.4 21.3 21.4 17.2 17.4 16.4 16.5
V 75.1 73.3 73.8 75.7 108 107 76.6 78.2 69.4 70.6
Cr 63.1 60.8 54.4 55 57.5 57.3 55.7 61.6 53.1 49.2
Co 12.1 12.2 10.8 11.0 17.1 18.1 11.6 11.8 0.457 0.44
Ni 36.4 36.3 32.2 32.3 29.1 29.5 38.1 42.8 27 24
Cu 51.5 53.9 144 136 86.4 86.5 50.0 48.9 17.8 17.3
Zn 149 120 116 121 143 145 90.8 88.0 13.0 11.5
Rb 91.2 88.7 121 121 199 197 98.1 96.3 126 123
Sr 138 136 134 138 144 145 175 175 88.5 88.1
Y 28.6 28.3 17.8 18.2 24.4 24.8 31.4 31.8 26.5 26.2
Zr 120 120 118 122 102 103 136.6 135.5 170.9 169.3
Nb 12.9 12.8 10.4 10.5 11.0 11.1 14.5 14.2 15.0 15.0
Mo 2.13 2.09 2.06 2.62 0.38 0.35 1.93 2.46 5.57 5.36
Cs 7.47 7.48 9.15 9.28 12.3 12.4 8.27 8.31 6.40 6.26
Ba 428 426 573 591 578 585 455 465 615 621
La 37.0 37.6 26.2 27.3 32.1 32.8 42.5 43.1 38.9 38.4
Ce 80.1 79.8 48.0 48.6 65.3 65.4 88.9 89.6 74.0 72.7
Pr 8.79 8.66 5.52 5.71 7.58 7.79 9.86 9.95 8.02 7.98
Nd 32.8 32.2 20.4 20.8 30.1 28.6 36.9 35.7 28.2 28.6
Sm 5.85 5.88 3.05 3.21 6.19 6.02 6.53 6.41 4.14 3.72
Eu 1.29 1.35 0.51 0.50 0.90 1.08 1.32 1.16 0.53 0.51
Gd 5.04 5.22 2.35 2.23 4.82 5.10 5.41 5.27 2.75 2.74
Tb 0.78 0.74 0.43 0.44 0.76 0.79 0.81 0.79 0.57 0.52
Dy 5.03 4.71 3.05 2.93 4.58 4.60 5.28 5.35 4.17 4.21
Ho 1.00 0.97 0.66 0.66 0.87 0.90 1.03 1.12 0.89 0.82
Er 2.98 3.18 2.01 2.20 2.66 2.70 3.29 3.22 2.98 2.94
Tm 0.47 0.43 0.29 0.33 0.36 0.35 0.49 0.47 0.45 0.42
Yb 3.20 3.07 2.12 2.04 2.57 2.26 3.41 3.47 3.26 2.76
Lu 0.40 0.45 0.30 0.32 0.37 0.34 0.51 0.50 0.47 0.44
Hf 3.48 3.38 3.19 3.55 3.19 3.24 4.09 4.14 5.19 5.28
Ta 0.92 0.91 0.72 0.69 0.83 0.81 1.01 1.08 0.93 1.04
Pb 21.7 21.0 15.5 15.7 34.5 35.3 23.3 23.8 30.0 29.4
Th 14.4 14.2 11.5 11.8 14.5 15.0 16.9 16.7 13.3 13.3
U 4.07 4.05 4.55 4.69 3.81 3.89 4.91 4.77 4.72 4.69
206 
 
 
  
 
APPENDIX D.3 LA-ICPMS carbonate data. 
NOD	1A NOD	1A	 NOD	1B NOD	1B	 NOD	2A NOD	2A NOD	2B	 NOD	2B	 STP3 STP3 VAAL	A	 VAAL	A VAAL	B VAAL	B
1.d 2.d 1.d 2.d 1.d 2.d 1.d 2.d 1.d 2.d 1.d 2.d 1.d 2.d
Sc 2.68 2.61 0.763 0.699 0.737 0.693 1.08 0.87 1.77 1.73 1.87 2.02 2.07 2.05
V 37.0 37.0 21.6 21.8 13.6 14.3 30.6 23.6 74.7 76.9 3.00 3.25 20.0 20.0
Cr 7.23 7.23 4.11 3.50 5.42 5.83 9.10 6.27 20.4 20.6 10.4 12.0 14.2 15
Co 1.14 1.09 0.290 0.247 0.511 0.551 0.723 0.466 0.421 0.417 1.30 1.28 3.22 2.97
Ni 7.85 7.29 5.60 5.66 8.83 8.89 8.60 5.84 20.5 20.1 15.9 16.3 17.4 17.4
Cu 8.98 10.3 7.29 7.05 8.34 8.42 16.0 12.1 5.16 5.30 9.14 12.0 15.4 15.1
Zn 51.5 50.1 8.07 8.32 14.9 16.1 15.6 11.6 7.13 6.75 14.8 15.5 42.4 42.8
Rb 6.05 5.80 1.39 1.35 1.34 1.31 2.81 2.01 1.76 1.60 10.8 11.0 3.09 2.85
Sr 1799 1810 1133 1144 395 411 504 378 317 324 207 219 367 369
Y 4.93 4.78 0.985 1.09 1.11 1.11 2.07 1.49 3.61 3.76 12.2 12.9 11.6 11.6
Zr 32.7 32.9 39.0 39.0 31.1 32.3 47.0 36.3 67.8 69.6 17.1 17.9 19.2 19.9
Nb 0.651 0.609 0.247 0.232 0.251 0.299 0.608 0.409 0.504 0.508 1.19 1.31 0.795 0.827
Mo 0.63 0.72 0.22 0.216 0.441 0.431 0.342 0.223 2.01 2.21 1.91 1.76 6.46 6.39
Cs 0.42 0.42 <	LOD <	LOD <	LOD <	LOD 0.15 <	LOD 0.14 0.13 0.74 0.75 0.32 0.31
Ba 97.8 97.9 54.0 53.3 27.5 27.2 54.4 39.1 59.4 59.1 300 308 425 423
La 2.61 2.59 0.701 0.686 1.01 1.03 1.99 1.52 1.38 1.40 8.41 8.78 4.58 4.64
Ce 5.93 5.92 1.46 1.56 1.91 1.97 4.16 3.11 1.97 2.06 17.6 18.8 9.25 9.29
Pr 0.71 0.68 0.17 0.17 0.22 0.22 0.49 0.33 0.24 0.22 2.36 2.52 1.25 1.27
Nd 2.80 2.98 0.671 0.761 0.849 0.891 1.62 1.28 0.928 1.05 9.88 10.1 6.17 6.00
Sm 0.59 0.56 0.19 0.20 0.18 0.20 0.38 0.25 0.21 0.21 2.76 2.94 1.91 1.99
Eu 0.19 0.21 0.032 0.035 0.033 0.035 0.078 0.051 0.053 0.074 0.79 0.82 1.09 1.14
Gd 0.65 0.67 0.15 0.16 0.18 0.23 0.38 0.29 0.29 0.35 3.01 3.42 2.35 2.47
Tb 0.092 0.102 0.025 0.022 0.030 0.022 0.047 0.036 0.049 0.055 0.40 0.45 0.34 0.31
Dy 0.73 0.67 0.14 0.18 0.16 0.16 0.26 0.22 0.30 0.44 2.18 2.25 1.76 1.77
Ho 0.15 0.17 0.032 0.037 0.037 0.040 0.058 0.054 0.10 0.10 0.39 0.36 0.27 0.32
Er 0.51 0.53 0.11 0.09 0.12 0.12 0.19 0.14 0.37 0.40 0.97 0.97 0.72 0.75
Tm 0.07 0.091 0.016 0.015 0.017 0.017 0.022 0.022 0.057 0.070 0.104 0.115 0.077 0.080
Yb 0.54 0.55 0.11 0.15 0.11 0.10 0.19 0.14 0.50 0.53 0.63 0.65 0.46 0.48
Lu 0.095 0.091 0.016 0.017 0.016 0.016 0.031 0.03 0.10 0.10 0.090 0.11 0.064 0.065
Hf 0.53 0.50 0.45 0.45 0.40 0.42 0.62 0.46 0.70 0.72 0.47 0.42 0.35 0.38
Ta 0.032 0.036 0.014 0.011 0.014 0.015 0.031 0.021 0.012 0.014 0.07 0.064 0.040 0.034
Pb 0.98 1.07 0.86 0.96 1.11 0.91 1.38 1.09 1.12 1.43 12.71 13.59 4.01 3.83
Th 0.89 0.96 0.25 0.27 0.33 0.32 0.72 0.52 0.30 0.30 1.34 1.38 0.79 0.79
U 0.86 0.87 0.21 0.20 0.43 0.43 0.56 0.40 0.26 0.28 1.02 1.07 0.76 0.70
